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SUMMARY OF THESIS
The contents o f th is  thesis describe experiments which 
attempt to determine the responses o f blood flow and oxygen 
consumption in  the myocardium along w ith  those o f  systemic 
haemodynamic variables to ce rta in  o f the physiological changes 
which are imposed by o r encountered by anaesthetists in  th e i r  
d a i ly  work w ith  pa tien ts . The experiments were carried  out on 
closed-chest anaesthetised dogs and the responses to the fo llow ing 
conditions have been examined:
1. hypocapnia, induced f i r s t l y  by increasing minute 
v e n t i la t io n  o f  the lungs and secondly, by the withdrawal 
o f  carbon dioxide gas which had previously been added
to the insp ired gas mixture o f the hyperventilated 
animal.
2. hypotension induced by three dose leve ls o f  halothane.
3. the combination o f  halothane-induced hypotension and 
hypocapnia.
4. hypercapnia induced by the addition o f  carbon dioxide 
gas to the insp ired  gases.
5. hypoxia induced by reduction o f  the inspired oxygen 
concentration.
6. hypotension induced by haemorrhage o f two d i f fe re n t  
grades o f  seve rity  (moderate and severe).
A ll experiments were carried  out under l i g h t  general anaesthesia 
which was usually induced w ith  thiopentone and maintained w ith 
tr ich lo roe thy le ne . In 2 and 3 above ( i . e .  those experiments 
invo lv ing halothane) anaesthesia was induced w ith  pentobarbitone.
Catheters were positioned in the l e f t  coronary a r te ry ,
the coronary sinus, the ascending aorta and the r ig h t  atrium under
radiographic control using an image in te n s i f ie r .  Myocardial blood
flow was measured by estimating the rate o f clearance o f  the
133rad ioactive isotope Xenon which was in jec ted , in  so lu t ion , in to  
the coronary a r te ry .  Xenon clearance was estimated using a 
s c in t i l l a t io n  counter suspended ex te rna lly  over the praecordial 
area. The clearance was displayed as a curve from which the h a l f  
time o f the clearance was calculated and the h a lf  time, when 
substitu ted in  an equation which was derived on the basis o f  the 
Pick p r in c ip le ,  allowed the ca lcu la t ion  o f myocardial blood f low .
Blood oxygen content was calculated from blood oxygen 
tension. Myocardial oxygen consumption was calcu lated as the 
product o f the measured blood flow and the a r te r ia l-co ro n a ry  sinus 
oxygen content d if fe rence .
Hypocapnia o f moderate degree (a r te r ia l  carbon dioxide 
tension 25 mmHg) caused a s ig n i f ic a n t  reduction in myocardial blood 
flow w ith  an associated increase in myocardial oxygen extraction  
so tha t oxygen consumption o f  the myocardium was unaltered. This 
degree o f hypocapnia did not cause s ig n if ic a n t  systemic haemodynamic 
changes nor were any metabolic changes observed in  the myocardium.
Hypotension induced w ith  halothane caused a dose- 
re la ted reduction in  myocardial blood flow and oxygen consumption 
along w ith  corresponding reductions in  heart rate and cardiac 
output. The higher doses o f halothane (1.0% and 1.5%) were 
associated w ith  increases in myocardial vascular resistance.
The décrémentai e ffec ts  o f halothane-induced 
hypotension and hypocapnia on myocardial blood flow were add it ive  
when the two conditions were produced simultaneously. During 
recovery from halothane-induced hypotension, a r te r ia l  blood 
pressure gave a poor in d ica t io n  o f  re turn ing myocardial func tion , 
Hypercapnia caused a marked but poorly sustained increase in 
myocardial blood flow along w ith  a considerable but also poorly 
sustained reduction in  myocardial oxygen consumption. Systemic 
haemodynamic changes were unremarkable. S im ilar changes occurred 
when metabolic acidosis was a r t i f i c i a l l y  produced by the in fus ion 
o f  la c t ic  or hydrochloric  ac id . The responses to hypercapnia 
were unaffected by beta adrenergic blockade or p a r t ia l  para­
sympathetic blockade.
Hypoxia did not cause changes in myocardial blood flow 
u n t i l  the a r te r ia l  oxygen tension f e l l  to less than 35 mmHg when 
a b r is k  increase in  flow occurred. Oxygen consumption was 
unaffected i f  hypoxia was sustained fo r  less than 20 minutes. 
However oxygen consumption f e l l  when hypoxia was sustained fo r  
longer periods. Hypoxia was associated w ith  increased blood 
pressure, increased or decreased heart ra te , frequent cardiac 
arrhythmias and, when sustained, w ith  metabolic ac idosis.
The responses to hypoxia were not affected by beta adrenergic 
blockade or p a r t ia l  parasympathetic blockade.
Haemorrhagic hypotension was associated w ith  considerable 
reductions in myocardial blood f low . Severe haemorrhage was 
accompanied by a marked f a l l  in myocardial vascular resistance and 
also by re sp ira to ry  and metabolic acidosis. Myocardial oxygen 
consumption was reduced and oxygen ex traction  increased, the la t t e r  
espec ia lly  so during moderate haemorrhage.
INTRODUCTION
Anaesthesia is  a h igh ly  abnormal, drug-induced condition 
and as such, i t  is  frequently  associated w ith  gross departures 
from the normal physiological s ta te ,  p a r t ic u la r ly  in re la t io n  to 
resp ira t ion  and c irc u la t io n .  However, by the jud ic ious use o f 
anaesthetic drugs and techniques, the anaesthetist may turn some 
o f these physiological upsets to the advantage o f  his pa tien t, fo r  
example by the lowering o f blood pressure to reduce blood loss 
during surgery or by producing a lowered a r te r ia l  carbon dioxide 
tension (hypocapnia) which is  thought to diminish the requirements 
fo r  certa in  anaesthetic drugs such as analgesic agents and muscle 
r e laxants,
Outwith the operating theatre , the anaesthetist is  
frequently  asked to advise on or ass is t in the management o f 
patients su ffe r ing  from acute resp ira to ry  problems. Many o f these 
problems, fo r  example severe thorac ic  in ju r ie s ,  are inva r iab ly  
associated w ith  lowered a r te r ia l  oxygen tension (hypoxia) and often 
also w ith  raised a r te r ia l  carbon dioxide tension (hypercapnia).
Many such patients also su ffe r  from haemorrhagic hypotension. I t  
is  now well established th a t such a lte ra t io ns  in blood gas tensions 
and blood pressure as those mentioned above may be associated w ith  
profound changes in  blood flow in certa in  tissues, fo r  example 
hypocapnia causes a reduction in  cerebral blood flow (Kety and 
Schmidt, 1946; Wollman, Smith, Stephen, Colton, Gleaton and 
Alexander, 1968) and hypercapnia causes an increase in cerebral 
blood flow (Harper, Glass and Glover, 1961; Reivich, 1964).
Notwithstanding the importance o f the myocardial 
c i rc u la t io n ,  information re la t in g  to i t  regarding the e ffec ts  
o f  such changes in  re sp ira to ry  and c irc u la to ry  homeostasis is 
scanty or c o n f l ic t in g  and furthermore, most o f the work which had 
previously been done in  th is  area had been carried  out on open- 
chest preparations w ith  a r t i f i c i a l l y  perfused coronary a r te r ia l  
systems or on iso la ted  heart preparations. Although these had 
y ie lded a ce rta in  amount o f valuable in formation, they had obvious 
l im i ta t io n s  p a r t ic u la r ly  in  the amount o f associated systemic 
haemodynamic data which they could render. In add it ion , the o lder 
work was done before methods o f  estimation o f blood gas tensions and 
pH were ava ilab le . Since these are cu rren tly  the standard methods 
o f  assessment o f  the extent o f re sp ira to ry  and acid-base upsets, i t  
seemed important to re-examine the myocardial blood flow responses 
to ce rta in  o f these commonly occurring resp ira to ry  and c irc u la to ry  
disturbances using current methods o f  measurement o f blood gases 
and pH.
For the above reasons there fore , and because o f  the 
w r i t e r 's  background in  anaesthesia, a series o f experiments was 
devised to examine in  the anaesthetised dog, the responses o f 
myocardial blood f low , myocardial oxygen consumption and systemic 
haemodynamics to the fo l lo w in g :-
1, hypocapnia
2, hypotension induced w ith  halothane
3, the combination o f halothane induced hypotension
and hypocapnia
4, hypercapnia
5. hypoxia
6. haemorrhagic hypotension.
133
A rad ioactive in e r t  gas clearance method using Xenon 
was employed fo r  the estimation o f myocardial blood f low . This 
technique was chosen because o f  i t s  convenience and because i t  
required only the minimum o f surgical manipulation and trauma. 
Experiments could thus be carried out on closed-chest, v i r t u a l l y  
in ta c t  animals so tha t v a l id  systemic haemodynamic measurements 
could be made simultaneously w ith  blood flow measurements.
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CHAPTER 1
HISTORICAL BACKGROUND
As fa r  back as the time o f  the ancient Greeks, ideas 
concerning c irc u la t io n  o f  the blood existed. A r is to t le  himself 
had ideas re la t in g  to the pu lsation o f the heart and the movement 
o f  the blood and the early  Greeks also suspected some form of 
mixing o f a i r  and blood w ith in  the chest although th e i r  ideas o f 
why th is  should happen were qu ite  divorced from the physiological 
t ru th .  In the 2nd century B.C., Erasitra tos o f Alexandria 
described the valves o f the heart and also gave a systematic 
though inaccurate descrip tion  o f a c i rc u la t io n .  He postulated 
tha t the blood was transfe rred from the r ig h t  v e n tr ic le  to the 
l e f t  ve n tr ic le  through pores in  the in te rv e n tr ic u la r  septum. This 
idea was strengthened by Galen the great Roman physician and the 
Galenical theory persisted u n t i l  the middle ages. The celebrated 
Belgian anatomist, Andreas Vesalius published his great work ‘ De 
Humani Corporis Fabrica' in 1543 and in th is  was included a 
descrip tion o f the coronary vessels. From about th is  time, ideas 
concerning the true nature o f the imovement o f the blood began to 
be advanced but the f in a l  e luc ida tion  had to await the work o f 
William Harvey who, in  his major work 'E xe rc ita t io  anatomica de motu 
Cordis e t Sanguinis in  Animalibus' described the heart as a pump 
and the manner in  which i t  caused the blood to c irc u la te .  He 
included in th is  work, published in  1628, a descrip tion of the function 
o f  the coronary vessels. In the 18th century the part played by 
pathological conditions o f the coronary a r te r ies  in  cardiac disease
nbegan to be appreciated and in  the 19th century the e ffec ts  o f 
experimental coronary a r te ry  l ig a t io n  were frequently  observed.
As the physiological importance o f blood supply to tissues 
began to be appreciated, attempts to measure blood flow were made 
and have become increas ing ly  re fined and more accurate up t i l l  the 
present time. Undoubtedly, one o f  the most important con tr ibu tions 
in  the f ie ld  o f  blood flow measurement was made by Adolf Pick (1870). 
Pick showed tha t the output o f  the heart could be calculated by 
d iv id ing  the to ta l  amount o f  oxygen taken up by the body in u n it  
time by the amount o f  oxygen given up by u n it  volume o f blood ( i . e .  
the arteriovenous oxygen content d if fe re n ce ).  This meant tha t 
only a r te r ia l  and mixed venous blood oxygen content had to be known 
in  add ition  to to ta l  body oxygen uptake. Although Pick was 
concerned w ith  the estimation o f  cardiac output, the p r in c ip le  which 
he stated is  applicable to any mass o f  t issue and is  va l id  fo r  
most ind ica to rs . I t  forms an important part o f  the theory underlying 
methods o f  blood flow measurement u t i l i s in g  in e r t  gases.
Almost a l l  methods o f flow measurement have, a t some time or 
o ther, been applied to the coronary c i rc u la t io n ,  including a r t i f i c i a l  
perfusion in  the iso la ted  heart (Langendorff, 1899) and measurement 
o f coronary venous e f f lu e n t  by c o l le c t io n  via a cannula (Morawitz 
and Zahn, 1914). In 1927 Rein applied a thermostromuhr to a 
coronary a r te ry  and measured, fo r  the f i r s t  time, a r te r ia l  inflow in  
the n o n - a r t i f i c ia l l y  perfused heart. Since then, the thermostromuhr 
has been supplanted by the electromagnetic flow meter and th is  device 
has been w idely and successfu lly used in experimental coronary blood 
flow work.
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In 1945 Kety and Schmidt used the in e r t  gas n itrous oxide to 
measure cerebral blood flow and th is  method has been used subsequently 
to measure blood flow in  the myocardium (Eckenhoff, Hafkenschiel, 
Landmesser and Harmel, 1947; Gregg, Longino, Green and Czerwonka, 
1951; Goodale and Hackel, 1953). In 1949, Kety demonstrated tha t 
blood flow could be measured by ex te rna lly  counting the rate o f 
disappearance o f ra d io a c t iv i ty  a f te r  the intramuscular in je c t io n  o f 
rad ioactive sodium. With the subsequent ready a v a i la b i l i t y  o f  
rad ioactive isotopes o f the in e r t  gases krypton and xenon, the 
convenience o f the methods using measurement o f ra d io a c t iv i ty  and 
in e r t  gas clearance could be combined. Variations o f methods using 
in e r t  rad ioactive gas clearance have since been used to measure 
blood flow in many t issues, f o r  example, in  bra in  (Lassen and Munck, 
1955; H0edt-Rasmussen, S ve insdott ir  and Lassen, 1966; McDowall and 
Harper, 1965), in  muscle (Lassen, Lindbjerg and Munck, 1964), in  skin 
(Bell and Harper, 1964), in kidney (Bell and Harper, 1965) and in 
myocardium (Herd, Hollenberg, Thorburn, KopaId and Barger, 1962;
Ross, Ueda, L ich tlen  and Rees, 1964; Rees, Redding, Ash fie ld ,
Gibson and Gavey, 1966; McBride and Ledingham, 1968). In tissues 
such as brain and myocardium where blood flow is high, the in je c t io n  
o f such isotopes in to  the a r te r ia l  inflow renders flow estimation 
very re l ia b le .  Such a method is  used to measure myocardial blood 
flow in  the experiments to be described herein.
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CHAPTER 2.
MATERIALS AND METHODS
A ll studies were carried out in a laboratory o f the 
Department o f  Surgery, Western In f irm ary , Glasgow. The basic 
methods used throughout the series o f studies are described in th is  
chapter. Variations from, or additions to these basic methods 
are described at the beginning o f  the appropriate chapters. A 
b r ie f  descrip tion o f  the function ing o f certa in  o f  the items o f 
apparatus used is  contained in  the appendix.
A ll experiments were carried out on healthy, adu lt dogs 
under anaesthesia which was usually  induced w ith a 2.5% so lu tion  o f 
sodium thiopentone given intravenously in  a dosage o f  15-20 mg/kg 
body weight. This was immediately followed by suxamethonium 
ch loride 50-100 mg and endotracheal in tubation was performed. 
In te rm it te n t pos it ive  pressure v e n t i la t io n  was then commenced and 
maintained using a Palmer resp ira to ry  pump, the minute volume from 
which was adjusted to produce an a r te r ia l  carbon dioxide tension 
(PaCOg) o f about 40 mmHg. This was fa c i l i t a te d  by monitoring 
expired CO^  content using an in fra -re d  carbon dioxide analyser. 
Anaesthesia was usually maintained w ith  tr ich lo roe thy lene  0.5-1% 
vaporised from a T r i te c  vaporiser. The c a r r ie r  gas fo r  th is  agent 
was a mixture o f oxygen and n itrogen, the respective volumes o f which 
were adjusted to produce an a r te r ia l  oxygen tension (PaO^) o f  about 
100 mmHg. This was fa c i l i t a te d  by measuring the inspired oxygen 
concentration (FlOg) w ith  a paramagnetic oxygen analyser. An FIO^ o f 
23-25% was usually required. Reflex movements were prevented by
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the adm inistra tion o f 100 mg doses o f suxamethonium ch loride given 
intramuscularly as required. The core temperature o f the animal 
was recorded using a copper-constantan thermocouple passed through 
the mouth, in to  the mid-oesophageal region. Under fluoroscopic 
control using an image in te n s i f ie r ,  a No.7 Sones catheter was 
inserted via the exposed common caro tid  a rte ry  in the neck and 
manipulated u n t i l  i t s  t i p  came to l i e  a few m il l im e tres  w ith in  the 
o r i f ic e  o f one o f  the two main branches o f the l e f t  coronary a r te ry  - 
usually the c ircumflex branch. Heparin 2,500 I.U . was administered 
a t th is  time and at 2 hourly in te rva ls  the rea fte r .  A second 
catheter was inserted in a s im i la r  manner in to  the external jug u la r  
vein and manipulated u n t i l  i t s  t i p  lay several centimetres in to  the 
coronary sinus. Figure 1 shows a coronary angiogram taken a t 
th is  stage in the preparation o f one o f the animals. Other catheters 
were inserted through the l e f t  femoral a rtery  and vein in to  the 
descending aorta and r ig h t  atrium respective ly and connected to 
appropria te ly  ca lib ra ted  pressure transducers. Blood samples 
were thus ava ilab le  from the aorta , r ig h t  atrium and coronary sinus 
and pressure measurements from the aorta and r ig h t  atrium.
Myocardial blood flow was measured using a method s im ila r  to
tha t described by Herd and associates (1962) and Ross and associates
(1964). The dead space o f  the coronary a r te r ia l  catheter was f i l l e d
133w ith  0.5-1 ml o f  a so lu tion  o f  the radioactive isotope Xenon,
This was then flushed in to  the coronary a rte ry  using a 3 ml bolus 
o f  heparinised normal sa line  warmed to 37°C. The clearance o f  the 
isotope from the myocardial t issue was measured using a s c in t i l l a t io n  
counter suspended e x te rna lly  over the praecordial area. The output 
from the counter was passed to an Ecko pulse height analyser and
15
f
I
1
Q. 0) 0>
-o
CU
s-to cu0) 4->c > , c 3o s. CU 4->ty~> rO
c: O to
Oi o in
_c &_ c
1— o CO
u
in c
■M CO cu
4 - sz cu
in O) to
E
(0 3 o
£ (U tn
■o
c 4-> CU CO
E
4 - to
OJ O +->
_c in
+J _C CO L
o L. CU
4 - c +-> +J
O CO C cu
L o sz
(U CJ +J
c CO
o X  4 - u
(U o
4 - to
O  4 - 4-> 3
E c C
c 3 3
o (_) O to
S- E
+-> CO >>
«3 O L
L CO
fO <u c
o ._ c fO o
(U 4-) E L.L in O
C L 4 - o
O  <C
(U cu
_c E _c
+-> 3 h -
0 3 -M -O
c t/3 cu
o +J
&_ CO _c
3 cu &- o
-o S I +-> c
+-> in CO
c c L
O) 03 o
jk: c E
fO CU (33
+ j L -O c
(U
E +J -O
fO c c
* - (U cu cu
03 5 uo c CO
OJ in cu
0 3 cu "O
c (/)
fO sz S-in u o
>>
L. S-
L 3: CUc (U +->
o +-> >> CL CU L CO
O _c CU
u 4-> -M cu
CO &- sz
<c O CO +->
cn
16
ratemeter and the clearance was displayed as a curve on a Servoscribe 
d ire c t  w r i t in g  recorder operating at a paper speed o f 120 mm/min.
A typ ica l clearance curve is  shown in  f ig u re  2. The de riva tion  o f 
myocardial blood flow in  ml/lOOg/min from th is  curve is  explained 
la te r .  The general experimental set-up is  seen in  the diagram in 
f ig u re  3 and the photograph in  f ig u re  4.
Blood oxygen and carbon dioxide tensions and pH were 
measured using appropriate electrode systems. The pH electrode was 
ca lib ra ted using bu ffers  o f known pH and the oxygen and carbon 
dioxide electrodes were ca lib ra ted  w ith  gas mixtures o f accurately 
known oxygen and carbon dioxide concentrations. The oxygen 
electrode was covered w ith  a membrane o f '20^ polypropylene. Because 
o f the d i f f u s i b i l i t y  cha rac te r is t ics  o f oxygen through the membrane, 
a systematic e rro r is  introduced in to  the measurement o f PO^  in 
blood as compared w ith  tha t in  the gaseous phase (McDowall, Ledingham 
and T inda l, 1968). To correct t h is ,  a blood-gas fa c to r  was 
derived fo r  each experiment using blood which was equ il ib ra ted  by 
tonometry in a ro ta t in g  syringe w ith  oxygen o f a known tension 
(Torres, 1963). This fa c to r  was applied to each measurement o f
oxygen tension. Since the electrodes were maintained constantly
a t 37°C, a l l  measurements o f  blood pH, PCOg and PO^  were corrected 
fo r  any d iffe rence in  temperature between the animal's mid-oesophagus 
and the electrodes using the blood gas ca lcu la to r designed by 
Severinghaus (1966). This also allowed the ca lcu la t ion  o f blood 
oxygen satu ra tion  from PO^  taking in to  account the blood pH and the 
animal's temperature. Haemoglobin (Hb) concentration was measured 
using the cyanhaemoglobin method (see appendix).
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The oxygen content o f blood was calculated as follows 
Blood oxygen content (ml/100 ml) = Hb(g/100 ml) x 1,34 x ^
100
+ POgfmm Hg) x 0.0031
The fa c to r  0.0031 is  the Bunsen s o lu b i l i t y  c o e f f ic ie n t  which 
indicates the volume o f oxygen in  ml which dissolves in  plasma per 
mm Hg oxygen tension at 37°C.
The electrocardiogram (standard limb lead I I )  was constantly 
v is ib le  on an oscilloscope along w ith  the a o r t ic  and r ig h t  a t r ia l  
pressure tracés and these were recorded, during flow measurements, 
on a multichannel in k - je t  recorder (Elema-Schonander, Mingograf 81). 
Mean pressures were obtained by in tegra tion  and the heart rate was 
counted from the electrocardiogram. Cardiac output was measured 
using a dye -d i lu t ion  method, 1 ml o f  indocyanine green dye was 
in jec ted in to  the r ig h t  atrium and blood containing the d i lu ted  dye 
was withdrawn from the aorta through a cuvette densitometer. The
signal from the densitometer was fed to a recorder which displayed
the d i lu t io n  o f the dye as a curve from which the output was
calculated (see appendix fo r  d e ta i ls ) .
In certa in  o f  the experiments, concentrations o f lac ta te , 
pyruvate, non-es te r if ied  fa t t y  acids (NEFA) and glucose in  a r te r ia l  
and coronary sinus blood were measured ( fo r  methods see appendix). 
From the foregoing measurements, the fo llow ing data were derived 
( fo r  the purpose o f these ca lcu la tions and la te r  in the presentation
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o f  re s u lts ,  i t  is  assumed th a t r ig h t  a t r ia l  blood is  representative 
o f mixed venous blood although i t  is  appreciated th a t minor 
discrepancies may occur due to incomplete mixing o f  blood in  the 
r ig h t  a tr ium ).
1, Myocardial 0^ ex trac t ion  (%) =
a r te r ia l-co ro na ry  sinus 0^ content d iffe rence (ml/100 ml) x 100
a r te r ia l  Og content (ml/100 ml)
2, Myocardial 0^ a v a i la b i l i t y  (ml/1OOg/min) =
myocardial blood flow (ml/1OOg/min) x a r te r ia l  0^ content (ml/100 ml)
100
3, Myocardial 0^ consumption (ml/IOOg/min) =
myocardial blood flow(ml/IOOg/min) x a r te r ia l-co ro na ry  sinus 0^
content d iffe rence (ml/100 ml)
100
4. Myocardial consumption o f la c ta te ,  pyruvate, NEFA and glucose were 
calculated as in  3 above w ith  the appropriate quantity  substitu ted 
fo r  oxygen.
5. Total body 0^ ex trac t ion  (%) =
a r te r ia l - r ig h t  a t r ia l  0^ content d iffe rence (ml/100 ml) x 100
a r te r ia l  0^ content (ml/100 ml)
6. Total body 0^ a v a i la b i l i t y  (ml/min) =
cardiac output (ml/min) x a r te r ia l  0^ content (ml/100 ml)
100
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7. Total body 0^ consumption (ml/min) =
cardiac output(ml/min) x a r t e r ia l - r ig h t  a t r ia l  0^ content 
______________     d iffe rence (ml/100 ml) _____ _____
100
8. Myocardial vascular resistance (a rb i t ra ry  un its )  =
mean a r te r ia l  pressure (mm Hg) minus r ig h t  a t r ia l  pressure 
________    (mm Hg) x 100 _____ _____________
Myocardial blood flow (ml/IOOg/min)
9. Systemic vascular resistance (a rb i t ra ry  un its ) =
mean a r te r ia l  pressure (mm Hg) minus r ig h t  a t r ia l  pressure (mm Hg)
cardiac output (1/min)
Results are presented as tables or f igures showing mean values - the 
standard e rro r o f the mean (SEM). S ta t is t ic a l  s ign if icance  between 
groups o f data was tested using Student's t  te s t  fo r  paired data.
The P values are indicated where s ig n if ic a n t  changes occurred ( i . e .  
P <0 .05).
Theoretical considerations a r is in g  from methods.
The method o f  measurement o f  myocardial blood flow described
requires the in je c t io n  o f a small volume o f a so lu tion  o f  the radio- 
1 33active  in e r t  gas Xenon d i re c t ly  in to  the a r te r ia l  supply o f the
myocardial t issue . In considering the v a l id i t y  o f  the method certa in
assumptions have to be made. I t  is  assumed th a t : -
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1. During the passage o f the bolus o f radioactive xenon so lu tion  
through the myocardium, the isotope becomes evenly d is tr ib u te d  
throughout the volume o f t issue perfused by the vessel in to  
which the so lu t ion  is  in jec ted .
2. The blood to t issue d is t r ib u t io n  o f the isotope occurs as a 
function o f the b lood/t issue p a r t i t io n  c o e f f ic ie n t  o f  xenon.
The b lood/t issue p a r t i t io n  c o e f f ic ie n t  is known as X and has been
shown to have the value 0.72 (Conn, 1961),
3. Recircu lation o f the isotope is  n e g lig ib le , (Because o f the
much higher a f f i n i t y  o f xenon fo r  a i r  than blood, some 95% o f 
the gas comes out o f  the blood in  a s ing le  passage through the 
lungs (Ueda, L ich t le n , Rees, Ross and l i o ,  1963). The amount 
l e f t  fo r  re c irc u la t io n  is therefore very small and when i t  is  
borne in  mind tha t only the coronary e f f lu e n t contains the 
isotope and tha t th is  is d i lu ted  by the blood re turn ing to the 
heart from a l l  other areas o f  the body then the amount o f radio­
a c t iv i t y  re c ircu la t in g  to the myocardium is  indeed n e g l ig ib le .)  
A fte r  the i n i t i a l  passage o f  the bolus there fore , the a r te r ia l  
blood coming to the myocardium can be considered free o f  xenon 
and so the isotope then moves back from the tissue in to  the 
blood and is  cleared from the myocardium a t a rate which is  a 
function o f c a p i l la ry  blood flow .
4. A sing le clearance system is  being measured in which c a p i l la ry  
flow during the time o f  measurement is  constant. (Ueda e t a l . ,
(1963) showed tha t the clearance curve follows a s ing le exponential
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u n t i l  ra d io a c t iv i ty  declines to less than 20% o f  peak le v e l.
In taking measurements the re fo re , only points which l i e  above 
th is  level on the curve are used thus ensuring tha t the 
clearance may be analysed as a s ing le exponentia l.)
Calculation o f  myocardial blood f lo w .
A sing le bolus o f rad ioactive xenon so lu tion  is  introduced 
in to  the coronary a r te ry .
Let Ca = concentration of xenon in the a r te ry .
Cv = concentration o f  xenon in the vein.
Cm = concentration o f  xenon in the myocardium.
Qm = mass o f  xenon in the myocardium.
F = blood flow , 
t  = time.
The rate o f change o f the amount o f xenon in the myocardium is 
expressed in  terms o f flow by the Pick p r in c ip le ;
d Qm
= F (Ca - Cv)
dt
A f te r  passage o f the bolus o f  gas so lu tion
Ca = 0 (since re c irc u la t io n  is  n e g lig ib le )
. . d Qm
= - F Cv
dt
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But a t b lood/t issue equ il ib r ium , \  = Cm
Cv
Cv = A
= - FQm
dt X Vm
This is a standard d i f fe re n t ia l  equation which can be solved using 
the exponential decay expression
Qm = Qm (0) e where Qm (0) is  the value of
Qm at the commencement o f  the measured clearance ( i . e .  when t  = 0) and 
e is  the base o f natural logarithms.
FThe clearance rate constant k =
Vm
XVm 
= k X
Since the p a r t i t io n  c o e f f ic ie n t  X has a known value (0 .72), the 
expression means tha t flow per u n it  volume o f t issue can be found 
when k, the only other unknown in the equation is ca lcu la ted. k is  
calculated from the time required fo r  the exponentia lly  decaying Qm 
to f a l l  from any value to h a l f  o f  tha t value.
This is  derived as fo l lo w s :-
In the expression Qm = Qm (0) e i f  the time required 
fo r  Qm (0) to f a l l  to h a l f  i t s  value is t |  then
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a  = Orne
I  “  e k t i
k t |  _ 2
. . k t |  = log g2
k = log 1 
t |
log g2 = 0.69315
. . k can be calculated when t |  is  determined experimentally. 
t |  is  found by transposing points from the clearance curve at 
5 second in te rva ls  to semilogarithmic paper. This resu lts  in a 
s t ra ig h t  l in e  p lo t and the time taken fo r  the ra d io a c t iv i ty  to decline 
from any level to h a l f  o f th a t level is  eas ily  determined (see inse t - 
Fig. 4 ).
The equation = k \c a n  now be rew ritten  as F = kAvm
I f  a volume o f myocardium o f 100 ml is selected, then
F = k X 100 ml/min/100 ml 
100_  I  V  I U U
^  ^  ml/min/lOOg
is the density o f the myocardium and = 1.05g/ml according to Herd et 
a l .  (1962) and X  = 0.72 (Conn, 1961).
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. Myocardial blood flow = k x 0.72 x 100 ml/lQOg/min
1,05
= 68.5 k ml/lOOg/min.
Practical considerations.
I t  is  important to consider whether the presence o f a 
catheter t i p  in  the o r i f i c e  o f the coronary a rte ry  is  l i k e ly  to 
cons titu te  an obstruction to blood flow . There are several reasons 
which lead to the conclusion tha t th is  is  not so. F i r s t l y ,  the t ip  
o f  the Sones No.7 catheter is  f in e  and tapered and i t  is  introduced 
only a few m ill im etres in to  the o r i f i c e  o f the coronary a r te ry . 
Radiography shows the vessel to have a diameter which is  usually 
at least twice tha t o f  the catheter fo r  example in  f ig u re  3, the 
diameter o f  the vessel at i t s  o r i f i c e  is  3.5 mm whereas tha t o f the 
catheter is  1.5 mm. The cross sectional area o f the vessel is  
therefore considerably greater than tha t o f the catheter t i p  (8.5 sq mm 
as opposed to 1.77 sq mm) and therefore the resistance to flow imposed 
by the very short segment o f catheter in  the vessel is l i k e ly  to be 
ne g lig ib le  when considered in  re la t io n  to the to ta l resistance o f the 
l e f t  coronary vascular bed. Furthermore, i f  the catheter is  
advanced along the a r te ry ,  v is ib le  slowing o f clearance o f  radio- 
opaque contrast medium can be seen when the catheter reaches a point 
where the vessel flow is  becoming obstructed. At th is  po in t,  E.C.G. 
evidence o f ischaemia may be seen which is  not present when the 
catheter is  s a t is fa c to r i ly  s i te d .  Brice, Dowsett and Low (1964)
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showed tha t in  experimental and pathological occlusion o f  the 
caro tid  a rte ry  some 80-90% o f the cross sectional area o f the 
vessel had to be occluded before flow was reduced or the pressure 
gradient across the obstructed area increased. I f  a s im ila r  type 
o f re la t ionsh ip  holds good fo r  the coronary a r te ry ,  then the 
catheter, when s a t is fa c to r i ly  s i te d , should not obstruct flow . 
F in a l ly ,  and perhaps most convincing o f  a l l ,  when the catheter is 
withdrawn from the coronary a r te ry  during the in s c r ip t io n  o f  a curve, 
no a lte ra t io n  occurs in  the co n t in u ity  o f the curve and thus in  the 
rate o f xenon clearance (see Fig. 5).
The other item o f methodology tha t requires some comment 
regarding i t s  accuracy is  the method o f  estimation o f  blood oxygen 
content. Such in d ire c t  methods as tha t used here are open to the 
c r i t ic is m  tha t since they involve a number o f  d i f fe re n t  measured 
quantit ies  each o f which is  l ia b le  to inaccuracies, then the 
r e l i a b i l i t y  o f  the estimations is  questionable. Because o f th is ,  
in  one o f  the series o f  animals, a comparison was made between the 
method o f estimation o f  oxygen content from PO^  and a d ire c t  method 
o f  estimation using the technique o f Van Slyke and N e il l  (1924).
The re s u lt  o f  th is  comparison is  shown in f igu re  6. There was a 
close co rre la t io n  between the two methods and therefore the in d ire c t  
method o f estimation o f  oxygen content is regarded as sa t is fa c to ry .
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CHAPTER 3.
RESPONSES OF MYOCARDIAL BLOOD FLOW AND METABOLISM TO HYPOCAPNIA.
Eleven animals were included in th is  study (weight range 
18-25 kg). The technique o f  anaesthesia and methods o f
measurement were as described in Chapter 2.
The experiments were carried  out in  f iv e  phases so tha t
hypocapnia was induced by two methods. The f iv e  phases were as
follows :
1. Control phase - PaCOg about 40 mm Hg.
2. Hyperventila tion by increasing t id a l  volume - PaCOg about 
25 mm Hg.
3. As phase 2 w ith  COg gas added to the insp ired gas mixture ■ 
PaCOg about 40 mm Hg.
4. COg gas withdrawn - PaCO^  about 25 mm Hg.
5. V en t ila t ion  returned to control level - PaCO^  about 
40 mm Hg.
Haemoglobin concentration was estimated at the commencement o f each 
phase. The duration o f  phases 1, 2, 3 and 4 was 20-30 minutes while  
phase 5 was s l ig h t ly  longer (25-35 min).
Two sets o f measurements o f myocardial blood f low , haemo- 
dynamic data, a r t e r ia l ,  coronary sinus and mixed venous blood gases 
and pH were made during each phase a f te r  s ta b i l is a t io n  o f the PaCOg.
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Along w ith  the second o f  each o f  these sets o f measurements, blood 
samples were withdrawn from the aorta and coronary sinus fo r  
estimation o f blood glucose, la c ta te ,  pyruvate and NEFA. Altogether 
these samples amounted to some 60 ml o f  blood during each phase 
and th is  was replaced w ith  Dextran 110 in 0.9% sa line . This resulted 
in  an increasing haemodilution throughout the experiment. Mean 
haemoglobin concentration fo r  the eleven dogs during the f iv e  consecutive 
phases were 22.4, 21.7, 19.5, 18.5 and 18.1 (g/100 m l).
The blood gas and pH changes occurring throughout the f iv e  
phases are shown in  tab le 1. Although the a r te r ia l  oxygen tension 
remained stable throughout the procedure, there were considerable 
reductions in  coronary sinus oxygen tension during hypocapnia, 
suggesting an increase in  myocardial oxygen ex trac tion  and th is  is  
confirmed in a la te r  tab le . A s im i la r  but less s t r ik in g  pattern is 
seen in mixed venous oxygen tension. The coronary sinus and mixed 
venous PCO^  and pH changes para lle led  those o f the a r te r ia l  blood.
The important haemodynamic data including myocardial blood 
flow changes are seen in  tab le  2. There were s ig n i f ic a n t  reductions 
in  myocardial blood flow during both hypocapnic phases. Although a 
s l ig h t  f a l l  in a r te r ia l  blood pressure occurred and was sustained 
throughout the to ta l period o f hyperventi la t ion  ( in  phases 2, 3 and 4 ) , 
th is  did not become s t a t i s t i c a l l y  s ig n i f ic a n t .  Blood pressure 
returned to control level on resumption o f normoventilation. Although 
cardiac output f e l l  gradually throughout the period o f the inve s t iga t io n , 
there were no s ig n if ic a n t  a lte ra t io n s  between succeeding phases.
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A rte r ia l  oxygen content and myocardial oxygen a v a i la b i l i t y  
ex trac tion  and consumption changes throughout the experiment are 
seen in  table 3. The steady f a l l  in  haemoglobin concentration 
previously noted resulted in a reduction in a r te r ia l  oxygen content 
over the to ta l period o f  the inve s t iga t io n . This trend is also 
apparent in  the myocardial oxygen a v a i la b i l i t y  f igures but these are 
o f course influenced by the blood flow changes. There was a h igh ly  
s ig n if ic a n t  increase in myocardial oxygen extrac tion  during hypocapnia 
and, although oxygen consumption showed a s l ig h t  downward trend there 
were no s ig n if ic a n t  changes between succeeding phases. In most o f 
the experiments the second phase ( i . e .  the phase o f increased 
v e n t i la t io n )  was maintained fo r  only some 20-25 minutes; however, in 
two o f the animals i t  was maintained fo r  a longer period w ith  s im ila r  
resu lts  in  both cases. Figure 7 shows resu lts  from one o f  these 
animals. Throughout the period o f  hyperventila t ion  the myocardial 
blood flow remained at a reduced level but rose promptly again when 
the a r te r ia l  carbon dioxide tension was returned to normal by adding 
carbon dioxide gas.
The absolute concentrations o f  glucose, la c ta te ,  pyruvate 
and non-es te r if ied  fa t t y  acid in  a r te r ia l  and coronary sinus blood 
are shown in  tab le 4. The onset o f hyperventila t ion  and hypocapnia 
was accompanied by a s ig n i f ic a n t  increase in  lac ta te  concentration 
in  a r te r ia l  and coronary sinus blood. There were no s ig n if ic a n t  
changes in systemic leve ls  o f pyruvate, NEFA or glucose associated 
w ith  PaCOg changes. At no time did the myocardium appear to 
u t i l i s e  important quan tit ies  o f  glucose but there was consistant 
ex trac tion  o f la c ta te ,  pyruvate and NEFA from the a r te r ia l  blood by 
the myocardium and the mean per cent ex trac tion  o f these substrates 
is  shown in tab le 5.
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Myocardial consumption o f  la c ta te ,  pyruvate and NEFA is 
shown in  Table 6, Hypocapnia was not associated w ith  s ig n i f ic a n t  
changes in consumption o f  these substrates.
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DISCUSSION
Previous studies o f  the e ffec ts  o f hypocapnia on myocardial 
blood flow have shown considerable disagreement. In 1960, Feinberg, 
Gerola and Katz reported no change between control and hypocapnic 
flows but when an increased load was applied to the heart in  the form 
o f a clamp on the aorta , flow during hypocapnia was apparently 
greater than during normocapnia. Rowe, C a s t i l lo  and Crumpton (1962) 
reported a s l ig h t  but no n -s ign if ican t increase in flow during 
hypocapnia in anaesthetised dogs, while  McArthur (1965) and Scheuer 
(1968) demonstrated a reduction in flow w ith  hyperventi la t ion .
However, Scheuer's animals, which were very v igorously hyperventila ted, 
showed a mean f a l l  o f  49% in  a r te r ia l  blood pressure which could 
have accounted fo r  a large part o f  the observed flow changes.
The resu lts  o f  the group o f experiments on the e ffec ts  o f  
hypocapnia described here show tha t hyperventila tion  o f a moderate 
degree ( i . e .  s u f f ic ie n t  to reduce the a r te r ia l  carbon dioxide tension 
from 40 mmHg to about 25 mmHg) is  accompanied by a mean reduction o f 
18% in myocardial blood flow. I t  has also been demonstrated tha t 
th is  flow reduction was not dependent on haemodynamic changes 
associated w ith increased minute ve n t i la t io n  since a mean flow 
reduction o f  26% occurred when hypocapnia was produced by withdrawing 
carbon dioxide gas from the insp ired gases o f  the hyperventilated 
animal. Oxygen consumption o f  the myocardium was unaffected.
The reduction in  mixed venous oxygen tension during 
hypocapnia ind icates an increase in  to ta l body oxygen extrac tion  and
4 3 .
taken in cojunction w ith  the unchanged cardiac output, th is  suggests 
an increase in  to ta l body oxygen consumption. This is  in keeping 
w ith  the results  o f  several investiga tions both in animals and humans, 
fo r  example, Cain (1970) and Karetzsky and Cain (1970).
The observation tha t myocardial blood flow did not re turn 
to control level during the f in a l  phase o f  the experiment is  probably 
explained on the grounds tha t a certa in  amount o f myocardial depression 
was occurring due to a prolonged period o f anaesthesia. This 
suggestion is  supported by the downward trend in consumption o f oxygen, 
lac ta te  and pyruvate by the myocardium.
The a r te r ia l  pH increase w ith  hyperventila t ion  is s l ig h t ly  
less than tha t which would be expected w ith the degree o f  a r te r ia l  
carbon dioxide tension changes observed. This is  probably accounted 
fo r  by the s l ig h t  increase which occurred in  systemic lac ta te  level 
at th is  time. This small but s ig n i f ic a n t  r ise  in  a r te r ia l  blood 
lac ta te  concentration is  in keeping w ith the work o f  Papadopolous 
and Keats (1959) who showed an increase in lac ta te  leve ls w ith  
hyperventi la t ion . They suggested tha t the increased leve ls o f  
f ixed  acid occurring during hyperventila t ion  were produced as a 
response to resp ira to ry  a lka los is  and not as a re su lt  o f t issue 
hypoxia.
The systemic haemodynamic effects  o f the degree hyper­
v e n t i la t io n  u t i l is e d  were unremarkable. Hyperventila tion caused a 
s l ig h t  but non -s ign if ican t f a l l  in  mean a r te r ia l  pressure and a 
s l ig h t  but also non -s ign if ican t r ise  in  heart ra te . Most workers
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have reported a f a l l  in  blood pressure w ith  hyperventila t ion  but the 
m a jo r ity  o f studies have atta ined lower carbon dioxide leve ls than 
those reached here, fo r  example in  Scheuer's study quoted above, 
the mean PaCO^  during hyperventi la t ion  was 13.7 mmHg, and L i t t l e  
and Smith (1964) who also showed f a l l s  in blood pressure, attained 
end exp ira to ry  PaCOg leve ls  o f 14 - 15 mmHg. Richardson, Wasserman 
and Patterson (1961) suggest tha t the magnitude o f c irc u la to ry  e ffec ts  
o f  hyperventila t ion  is  re la ted to the extent o f reduction in  carbon 
dioxide leve ls  and also to the ra p id i ty  w ith which these reduced 
leve ls are a tta ined. Although cardiac output f e l l  gradually 
throughout the study, there were no s ig n if ic a n t  changes between 
succeeding phases o f the study, again emphasising the lack o f 
systemic haemodynamic upset w ith  a moderate level o f  hyperventila t ion  
and hypocapnia in  the healthy animal.
In a study o f  passive hyperventila t ion  in  conscious humans 
where PaCOg was reduced to a mean level o f  23.8 mmHg ( i . e .  comparable 
to tha t o f  th is  study), Cullen, Eger and Gregory (1969) also fa i le d  
to demonstrate changes in  cardiac output or heart rate and s im i la r ly ,  
Marshall, Cohen, K1ingenmaier. Neigh and Pender (1971) showed tha t 
cardiac index was not s ig n i f ic a n t ly  d i f fe re n t  during hypocapnia and 
normocapnia in anaesthetised humans. These find ings are presumably 
re la ted to the find ings o f  Leigh, J.M., Blackburn, J .P .,  Conway, C.M., 
Lindop, M.J. and Reitan, J.A. (personal communication) who observed 
tha t in  dogs, myocardial c o n t r a c t i l i t y  was unaffected by hypocapnia 
(although i t  was increased during hypercapnia). Related to these 
observations by other workers, th is  study shows th a t w ith  hypocapnia
4 5 .
o f a moderate degree, myocardial oxygen consumption was unaffected 
although oxygen a v a i la b i l i t y  was reduced pari passu w ith  the 
blood flow . The maintenance o f  oxygen consumption is  explained 
by the large increases which occurred in oxygen extraction  when 
blood flow was reduced.
The energy requirements o f  the myocardium are met la rg e ly  
by the metabolism o f  glucose, la c ta te ,  pyruvate and fa t t y  acids 
although other substrates such as ketone bodies and amino acids 
are u t i l is e d .  Olsen and Piatnek (1959) point out tha t in the 
fas t ing  s ta te , the metabolism o f carbohydrate lessens while  fa t ty  
acids are used in preference. This observation may account fo r  
the lack o f uptake o f  glucose by the heart in the circumstances 
o f these studies, since the animals had fasted fo r  some 18 -  20 
hours p r io r  to the commencement o f  the experiments.
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CHAPTER 4 .
THE EFFECTS OF HALQTHANE-INDUCED HYPOTENSION ON MYOCARDIAL BLOOD FLOW 
AND OXYGEN CONSUMPTION.
In order tha t the e ffec ts  o f halothane-induced hypotension 
could be studied, anaesthesia was induced and maintained w ith 
pentobarbitone 30mg/kg given intravenously. Since pentobarbitone 
is  a long-acting b a rb itu ra te , i t  was unnecessary to give t r ic h lo ro -  
ethylene to maintain anaesthesia. Twelve dogs were included in 
the study (weight range 23 - 28kg.) A fte r control measurements 
had been made, halothane was added to the inspired gas mixture from 
a Fluotec Mk. 2 vaporiser in 0.5%, 1.0% and 1.5% concentrations.
The order o f adm inistra tion o f the three dose levels o f halothane 
was randomised and measurements were made a f te r  15 and 30 minutes 
administration o f each dose. At leas t 30 minutes were allowed 
to elapse between the adm inistra tion o f  d i f fe re n t  doses.
Table 7 i l lu s t ra te s  the haemodynamic changes occurring 
w ith the three doses o f  halothane. Heart ra te , mean a r te r ia l  
blood pressure, cardiac output and myocardial blood flow a l l  showed 
reductions which became increasing ly more marked as the dose of 
halothane increased. With 1% and 1.5% halothane however, myocardial 
blood flow decreased to a degree which was proportionate ly greater 
than the f a l l  in blood pressure. This was due to an increase in 
myocardial vascular resistance. Systemic vascular resistance was 
not s ig n i f ic a n t ly  a ffected . These data are summarised in graphic 
form in  figures 8 and 9.
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4 8 .
CARDIOVASCULAR EFFECTS of HALOTHANE
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Fig. 8. The e ffec ts  o f  0.5%, 1.0% and 1.5% halothane on heart 
ra te , mean a r te r ia l  pressure (mean B .P .), myocardial 
blood flow (M.B. flow) and cardiac output.
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The data fo r  myocardial and to ta l body oxygen a v a i la b i l i t y ,  
ex trac tion  and consumption are de ta iled  in  Table 8, the myocardial 
data being summarised in  graphical form in  f igu re  10. Myocardial 
and to ta l body oxygen a v a i la b i l i t y  are dependent on myocardial blood 
flow and cardiac output respective ly  (since a r te r ia l  oxygen content 
was unaltered) and therefore they were reduced by halothane in  a 
manner corresponding to the reduction in blood flow and cardiac 
output. The myocardial and to ta l  consumption o f oxygen were 
reduced to an increasing ly marked degree as halothane dosage 
increased 5 however^ the oxygen consumption in both cases f e l l  to a 
proportionate ly  smaller degree than the a v a i la b i l i t y  so tha t there 
was a small increase in  oxygen ex traction  w ith  the 1.5% halothane 
dose. Although th is  change in ex trac tion  was non-s ign if ican t the 
coronary sinus oxygen tension f e l l  s ig n i f ic a n t ly  a f te r  30 minutes o f 
1.5% halothane, the figures being as fo l lo w s :-
Control 29.5 - 1.9 mmHg f a l l in g  to 26.3 - 1.5 mmHg (P<f0.05).
DISCUSSION
The use o f hypotensive anaesthesia may prove bene f ic ia l to 
patients fo r  two reasons. F i r s t l y ,  because i t  leads to a reduction 
in  operative blood loss (Rollason and Hough, 1960; Enderby, 1961; 
Linacre, 1961) there is  a diminished requirement fo r  blood transfusion 
and therefore a reduced r is k  o f  the dangers which accrue from blood 
transfusions such as mismatched transfus ion, transference o f blood 
borne in fe c t io n  (notably homologous serum jaundice), e le c tro ly te  
upsets and upsets in  the blood c lo t t in g  mechanism. Secondly, when 
bleeding during surgery is  diminished, the duration o f  surgery is
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5 3 ,
reduced and there are benefits  from th is ,  such as less exposure o f 
tissues and therefore less f lu id  evaporation, less heat loss and 
reduced exposure to a ir-borne in fe c t io n .  Also, when bleeding is  
less severe, there is  a reduced use o f  l iga tu res  and diathermy 
coagulation and hence less dead tissue in  the wound which again 
helps to reduce the l ik e l ih o o d  o f  in fe c t io n ,
A large va r ie ty  o f methods o f achieving hypotension during 
anaesthesia and surgery have been employed and one o f the more 
popular o f  these has been the use o f  a r t i f i c i a l  v e n t i la t io n  w ith  
varying concentrations o f  halothane in  the inspired gases (N e il l  
and Nixon, 1965; Robinson, 1967; Prys-Roberts, Lloyd, Fisher,
Kerr and Patterson, 1974). I t  is  well appreciated tha t halothane 
causes a reduction in  myocardial c o n t r a c t i l i t y  w ith  concomitant 
depression o f blood pressure, heart rate and cardiac output in both 
animals (Severinghaus and Cullen, 1958; Gil-Rodriguez, H i l l  and 
Lundberg, 1971; Rusy, Moran and Fox, 1971; Prys-Roberts, Gersch, 
Baker and Reuben, 1972; Hughes, 1973) and man (Johnstone, 1956; 
Payne, 1963).
Although there is  considerable information on the systemic 
haemodynamic e ffec ts  o f halothane, there is l i t t l e  information 
ava ilab le  on i t s  e ffec ts  on myocardial blood flow . Merin (1969), 
and Weaver, Bailey and Preston (1970) suggested th a t ,  in  dogs, 
halothane caused a reduction in coronary blood flow w ithout changes 
in  vascular resistance ( i . e .  tha t flow f e l l  pari passu w ith  the 
blood pressure). In an iso la ted  heart preparation w ith  a r t i f i c i a l l y  
perfused coronary a r te r ia l  system. Wolf, Claudi, R is t,  Wardak,
5 4.
Niederer and Graedel (1972) showed a reduction in  coronary flow 
w ith  halothane accompanied by an increase in  coronary vascular 
resistance.
The study described here shows tha t halothane causes a 
dose dependent reduction in  systemic a r te r ia l  blood pressure, 
cardiac output and heart rate accompanied by a dose dependent 
reduction in  myocardial blood flow . The reduction in  blood flow 
was proportionate ly greater than the reduction in a r te r ia l  blood 
pressure due to an increase in  myocardial vascular resistance w ith 
the %^ and 1.5% doses.
I t  has been w idely believed tha t halothane causes a 
widespread peripheral vasod ila ta tion  w ith  reduction in  systemic 
vascular resistance (Raventos, 1956; Johnstone, 1956; Johnstone, 
1961). More recently  however, i t  has been argued tha t halothane 
does not cause widespread vasod ila ta tion  but has d i f fe re n t  e ffec ts  
in  d i f fe re n t  vascular beds so tha t the overa ll e f fe c t  on to ta l 
vascular resistance is not marked (Prys-Roberts et a l . ,  1974). The 
resu lts  presented here support th is  l a t t e r  view since the myocardial 
vasculature showed vasoconstric tion w ith  the higher doses o f 
halothane, while the systemic vascular resistance was not s ig n i f ic a n t ly  
affected.
The reduction in myocardial oxygen consumption w ith 
halothane probably resulted from a considerable reduction in  the 
work o f  the heart which could have arisen from the reductions in  heart 
ra te , blood pressure, cardiac output and presumably also in  myocardial 
c o n t r a c t i l i t y .  The reduction in  myocardial blood flow caused a
55,
marked reduction in  oxygen a v a i la b i l i t y  to the heart and the 
increased myocardial vascular resistance played a part in  reducing 
the oxygen a v a i la b i l i t y  even fu r th e r  so tha t the oxygen 
a v a i la b i l i t y  was reduced to a proportionate ly greater degree than 
the oxygen consumption w ith  the 1.5% dose o f  halothane. There 
was thus a small reduction in  coronary sinus PO^  ( i . e .  an increase 
in  oxygen ex trac t ion ) w ith  th is  dose.
56
CHAPTER 5.
THE COMBINED EFFECTS OF HALOTHANE HYPOTENSION AND HYPOCAPNIA ON 
MYOCARDIAL BLOOD FLOW.
As indicated in the foregoing two chapters, hypocapnia 
or hypotension are frequently  induced in anaesthetised patients and 
not in frequently  both conditions are induced simultaneously (N e il l  
and Nixon, 1965; Prys-Roberts et a l . ,  1974). Since the resu lts  
reported in Chapters 3 and 4 ind ica te  tha t hypocapnia and hypotension 
are both associated w ith  reduced myocardial blood f low , i t  seemed 
obvious tha t the resu lts  o f combining the two should be examined 
experimentally in  an attempt to determine i f  th e i r  myocardial blood 
flow e ffec ts  are add it ive .
Eleven animals were included in the study (weight range 
17-31 kg). Anaesthesia was induced as in  Chapter 4 ( i . e .  w ith  
pentobarbitone 30mg/kg given in travenously). V e n t i la t io n  was 
adjusted to produce a PaCOg of about 25 mmHg and then CO2  gas was 
added to the inspired gas mixture to return the PaCOg to about 
40 mmHg. PaCO^  was thus w ith in  the normal range fo r  control 
measurements. The experiments were once again carr ied out in  f iv e  
phases as follows :-
1. Control phase - basal anaesthesia w ith  pentobarbitone
only - PaCOg normal.
5 7.
2. Hypotension - halothane 1 - 1.5% added. Measurements
were made a f te r  blood pressure had been 
stable fo r  at leas t 10-15 min.
PaCO^  s t i l l  about 40 mmHg.
3. Hypotension + hypocapnia - halothane maintained a t
previous level and CO^  gas withdrawn 
from inspired gases (PaCO  ^ about 
25 mmHg).
4. Hypotension only - CO^  gas re-added (PaCO  ^ about
40 mmHg).
5. Halothane o f f  - re turn towards control s i tu a t io n .
Measurements were taken when blood 
pressure had returned to not less than 
80% o f the control le v e l.
The blood gas and pH changes in a r t e r ia l ,  coronary sinus and 
'mixed venous' blood are shown in  Table 9. A r te r ia l  PO^  remained 
unchanged throughout but a r te r ia l  PCO^  showed the expected changes 
when COg gas was removed from and la te r  added to the v e n t i la t in g  
gas m ixture. These changes were accompanied by corresponding changes 
in  a r te r ia l  pH. Coronary sinus and mixed venous blood exhib ited 
pa ra lle l PCOg and pH changes to those o f the a r te r ia l  blood. The 
other feature o f  th is  tab le  was tha t coronary sinus and mixed venous 
Og tensions f e l l  when hypotension was induced, th is  despite a 
constant PaOg, thus suggesting an increase in  0^ ex trac tion  by the 
heart and in  to to .
5 8 .
Table 10 shows the haemodynamic and vascular resistance 
changes occurring throughout the experiment. Mean blood pressure, 
heart ra te , cardiac output and myocardial blood flow decreased to 
a h igh ly s ig n i f ic a n t  degree when halothane was introduced and 
myocardial vascular resistance rose markedly a t th is  time. Systemic 
vascular resistance was not s ig n i f ic a n t ly  a lte red .
With the add it ion  o f hypocapnia to hypotension, myocardial 
blood flow f e l l  even fu r th e r  whereas the other variables in Table 10 
were not s ig n i f ic a n t ly  a ffec ted . The reduction in  blood flow 
w ith  hypocapnia was reversed when PaCO^  was restored to normal.
During the f in a l  phase o f the inves tiga tion  when a r te r ia l  
blood pressure had returned to some 86% o f mean control le v e l,  
myocardial blood flow and cardiac output had returned only to 64% 
and 63% o f th e i r  mean control values. There was at th is  time a 
h igh ly  s ig n if ic a n t  increase in  systemic vascular resistance.
The h igh ly s ig n i f ic a n t  reductions in blood flow and 
cardiac output when hypotension was induced are re f lec ted  in 
reductions in myocardial and to ta l oxygen a v a i la b i l i t y  (Table 11). 
This tab le  also shows th a t there were reductions in myocardial and 
to ta l  oxygen consumption at th is  time but tha t the reductions in 
consumption were proportionate ly  smaller than the reductions in 
a v a i la b i l i t y  so tha t myocardial and to ta l oxygen extraction  
increased. The changes in  blood flow which accompanied hypocapnia 
caused corresponding changes in  myocardial oxygen a v a i la b i l i t y  and 
during the phase o f recovery, myocardial 0^ a v a i la b i l i t y  increased
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s ig n i f ic a n t ly  from hypotensive le ve ls . However the increase in 
a v a i la b i l i t y  was re la t iv e ly  smaller than the increase in 
consumption so tha t myocardial 0  ^ ex trac tion  a t th is  time was 
s ig n i f ic a n t ly  higher than the control level (P<(0.01).
DISCUSSION
The resu lts  presented in  th is  chapter confirm those o f  
Chapter 4 where halothane hypotension is described. Therefore 
halothane caused a reduction in blood pressure, heart ra te , cardiac 
output and myocardial blood flow . There was a simultaneous 
increase in vascular resistance w ith in  the myocardium. When 
hypocapnia was superadded to hypotension a fu r th e r  s ig n i f ic a n t  
f a l l  in blood flow occurred so tha t the combination o f hypotension 
and hypocapnia produced a very marked f a l l  in myocardial oxygen 
a v a i la b i l i t y  to 38% o f  control le v e l.
The other noteworthy f ind ing  in  th is  study was tha t 
during the phase o f recovery from hypotension ( i . e .  the f in a l  phase), 
when blood pressure and myocardial oxygen consumption had returned 
to 8 6 % and 76% o f th e i r  respective mean control values, the myocardial 
blood f low , myocardial oxygen a v a i la b i l i t y  and cardiac output had 
returned to only 64%, 62% and 63% o f th e i r  respective mean control 
le ve ls .  These la t t e r  three variables there fore , lagged fa r  behind 
the blood pressure in th e i r  ra te o f  recovery a f te r  hypotension.
The s ig n i f ic a n t  increase in to ta l vascular resistance when halothane 
was withdrawn indicates th a t the recovery o f blood pressure was due, 
in  considerable p a rt ,  to vasoconstric tion and not to re turn ing
63
cardiac output and myocardial function . I t  appears therefore 
tha t blood pressure observations do not give a re l ia b le  guide to 
re turn ing cardiac function a f te r  halothane hypotension.
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CHAPTER 6 .
MYOCARDIAL BLOOD FLOW RESPONSES TO HYPERCAPNIA.
Raised a r te r ia l  carbon dioxide tension has been shown 
to be associated w ith  increased myocardial blood flow (Feinberg, 
Gerola and Katz, 1960; K i t t l e ,  Aoki and Brown, 1965; Eberlein, 
1966; Lochner, Hirche and Koike, 1967). These stud ies, however, 
did not examine the re la t ionsh ip  between flow responses and blood 
carbon dioxide tension and acid-base status. The study 
described here attempts to do so as well as examining the possible 
ro le  o f  the sympathetic nervous system in the blood flow responses,
Anaesthesia fo r  th is  series o f experiments was 
administered as described in Chapter 2 ( i . e .  induction w ith 
thiopentone and maintenance w ith  t r ic h lo ro e th y le n e ) . Hypercapnia 
was produced by the add ition  o f CO^  gas to the inspired gas 
mixture. Four sets o f experiments were carried out
1. B r ie f ly  sustained hypercapnia - PaCOg elevated fo r  about
1 5 - 2 0  minutes.
2. Prolonged hypercapnia - PaCOg elevated fo r  60 minutes.
3. Stepwise increments and decrements in PaCOg.
4. Attempts to determine the mechanism of the flow response
to hypercapnia.
The inspired oxygen concentration was adjusted when necessary &o 
tha t the PaC0 2  remained around 100 mmHg at a l l  times; a to ta l  o f 
30 dogs were studied (weight range 17-35 kg.)
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BRIEFLY SUSTAINED HYPERCAPNIA
Sixteen dogs were subjected to hypercapnia by the rapid 
add ition  o f CO^  gas to the insp ired gas mixture in volumes which 
raised the PaCOg from about 40 mmHg to 90 - 100 mmHg. This 
elevation was sustained fo r  up to 20 minutes. The important 
blood gas and pH data associated w ith  th is  change are shown in 
Table 12.
PaO^ PaCOo A rte r ia l  pH C. Sinus R t.A tr ia l
(mmHg) (mmHg) (u n its ) POo(mmHg) POo(itimHg)
Control 96 40 7.346 30 47
- 4 - 1 - 0 . 0 1 0 - 1 -  1
P <0.001 P <0.001 P <0.001 P<0.01
Raised 1 0 2 96 7.074 57 63
PaCOu - 5 - 6 -  0.063 - 3 ± 7
TABLE 12. Blood gas and a r te r ia l  pH changes associated w ith
b r ie f l y  sustained hypercapnia. (Mean + S.E.M., 16 dogs).
The rapid e levation o f  PaCO^  from 40 to 90 - 1 0 0  mmHg 
resulted in a corresponding decrease in  a r te r ia l  pH. The coronary 
sinus and mixed venous blood showed pa ra l le l changes in PCO^  and pH, 
The coronary sinus and r ig h t  a t r ia l  blood both underwent increases 
in POg during hypercapnia. The large increase in  coronary sinus 
POg indicated a reduction in  myocardial oxygen ex trac tion  and 
th is  was re f lec ted  in  a reduction in  a rte r ia l-co ro na ry  sinus 
oxygen content d iffe rence (10.7 - 0.6 to 5,8 - 0.7 ml/lOOml - 
P <0.001).
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The myocardial blood flow and haemodynamic changes 
w ith  b r ie f  hypercapnia are shown in Table 13. Blood flow showed 
a mean increase o f  42% and r ig h t  a t r ia l  pressure also increased 
markedly while  a r te r ia l  blood pressure and heart rate remained 
unchanged.
Myocardial Mean a r te r ia l  Heart rate R t .a t r ia l
blood flow FrPT"^mmHg) (b/mTn) pressure
(ml/1OOg/min) (mmHg)
Control 112 -  5 154 - 6  119 -  4 + 0.1 -  0.5
P<0.001 P<0.001
Raised
PaCOo 167 - 6  157 - 10 121 - 5 + 2.4 - 0.8
TABLE 13. Myocardial blood flow and haemodynamic changes w ith  
b r ie f l y  sustained hypercapnia.
The large decrease in coronary arterio-venous oxygen content 
d ifference already mentioned taken in conjunction w ith  the increased 
blood flow through the myocardium during hypercapnia show a decrease 
in  myocardial oxygen consumption, the figures being 11.8 - 0.7 to 
9.7 - 1.0 ml/IOOg/min (P<0.01) -  an 18% reduction. Although the
r ig h t  a t r ia l  POg was elevated during hypercapnia, the a r te r ia l -  
mixed venous oxygen content d iffe rence was not s ig n i f ic a n t ly  
a lte red (3.8 - 0.2 ml/100ml before and 3.6 ml/100ml during hyper­
capnia).
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Cardiac output measurements were obtained in  only s ix  
o f the animals in  th is  study. These did not show a consistent 
pattern o f change, three being increased and three decreased 
during hypercapnia.
Figure 11 shows the typ ica l rapid and marked increase 
in  myocardial blood flow and reduction in myocardial oxygen 
consumption during hypercapnia in a s ing le  dog.
In Table 14 the a r te r ia l  and coronary sinus concentrations 
o f  glucose, lac ta te  and pyruvate before and during b r ie f  hypercapnia 
in 14 animals are seen.
Control
Hypercapnia
A r t .
C.S.
A rt.
C.S.
G1ucose 
(mg/1 0 0 m l)
1 2 2 - 1 3  
120 - 13
154 - 11
155 - 10
Lactate 
(mg/1 0 0 ml )
17 -  2.2
11.9 -  1.7
14 -  1 .7 
11.8 -  1.6
Pyruvate 
(mg/1 0 0 ml)
1.22 - 0.13 
0.83 -  0.08
1.01 -  0.11 
0.73 -  0.08
TABLE 14. A r te r ia l  (A r t . )  and coronary sinus (C.S.) concentrations 
o f  glucose, lac ta te  and pyruvate before and during 
hypercapnia. (Mean + SEM - 14 dogs).
As in the study o f hypocapnia (Chapter 3), the heart did not appear 
to be u t i l i s in g  glucose since there was no d ifference between 
a r te r ia l  and coronary sinus concentrations e ithe r before or during 
hypercapnia. However the e levation o f  PaCOg did re su lt  in a
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H aem odynam ics and O 2 Consum ption  
Rapid Rise in P a C 0 2  
{1 D O G )
HIGH C O 2
m m O 2  CONS
ml /lO O g /min
r 
-  10
- 5
160-1
H.R.
Beats/min
M.B.P.
mm.Hg
,o»c
80-
M.B. FLOW  
sl/lOOg /m il
503010
TIME (mins)
Fig. n.  The marked and rapid r ise  in myocardial blood flow 
(M.B.Flow) and reduction in myocardial oxygen 
consumption (O2  cons.) w ith  hypercapnia is  shown from 
a s ingle dog. There was sometimes a tendency fo r  
flow to undershoot below control level on return to 
normal PaCOg and th is  is  demonstrated here.
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substantia l increase in  the blood leve ls o f  glucose.
Figure 12 i l lu s t r a te s  the myocardial ex trac t ion  o f 
lac ta te  and pyruvate in  the 14 animals from which th is  data was 
ava ilab le . In the control s ta te , ex trac tion  varied from 0 - 50% 
fo r  lac ta te  and 0 - 55% fo r  pyruvate. During hypercapnia the 
ex trac tion  o f lac ta te  f e l l  in  10 o f  the 14 animals wh ile  pyruvate 
ex trac tion  increased or decreased w ith  equal frequency.
PROLONGED HYPERCAPNIA
The e ffec ts  o f  a more prolonged period o f hypercapnia 
were examined in  a d i f fe re n t  group o f nine dogs. The e ffec ts  o f 
e levation o f PaCO^  to about 100 mmHg fo r  60 minutes are i l lu s t ra te d  
in f ig u re  13 as percentage changes. A 30% increase in myocardial 
blood flow occurred i n i t i a l l y  along w ith  a s im ila r  decrease in 
myocardial oxygen consumption but both o f these tended to return 
towards the pre-hypercapnic level as the experiment proceeded.
Heart ra te and blood pressure were remarkably unaffected.
Measurements made in  the immediate post-hypercapnic period showed 
tha t myocardial blood flow had fa l le n  to about 15% below pre-hypercapnic 
le v e l.  This undershoot was sometimes seen a f te r  b r ie f  hypercapnia 
also (see f igu re  11). I t  was ra p id ly  s e l f  correc ting .
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THE EFFECTS OF STEPWISE INCREMENTS AND DECREMENTS IN PaCQp
In a d i f fe re n t  group o f f iv e  dogs the e ffec ts  o f gradually 
increasing PaCO^  on myocardial blood flow was examined. Commencing 
at a PaCOg o f about 20 mmHg, carbon dioxide was added to the 
inspired gas mixture to produce a stepwise increase in  PaCOg so 
tha t myocardial blood flow could be measured at several PaCÛ2  levels 
between 20 and 90 mmHg. The carbon dioxide content o f  the inspired 
gases was then reduced in a s im i la r  manner.
The e ffec ts  o f  these manoeuvres on myocardial blood flow 
are seen in  f ig u re  14. There was a tendency fo r  myocardial blood 
flow to increase between PaCOg leve ls o f 40 and 60 - 80 mmHg.
This is  however complicated by the fa c t  tha t when hypercapnia is 
prolonged, there is  a tendency fo r  flow to return to control 
leve ls (see f ig u re  13). The re la t ionsh ip  between PaCO^  and 
myocardial blood flow is  more c le a r ly  seen when PaCO^  was being 
reduced. With each decrement in  PaCO^  there was a corresponding 
decrease in blood flow . These experiments show tha t f a i r l y  
small changes in PaCOg o f the order o f  2 0  mmHg can have a 
considerable e f fe c t  on blood flow in the myocardium.
ATTEMPTS TO DETERMINE THE MECHANISM OF THE MYOCARDIAL BLOOD FLOW 
RESPONSE TO HYPERCAPNIA.
The p o s s ib i l i t y  tha t the increase in myocardial blood 
flow might be mediated through a response o f the autonomic nervous 
system or through the influence o f  increased c irc u la t in g  catechol 
amines was considered. To examine these p o s s ib i l i t ie s ,  certa in
VARIATION IN MYOCARDIAL BLOOD FLOW WITH PaCO,
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m y o c a r d i a l  b l o o d  f l o w
( m i . i l O O g / m i n )
2 4 0
2 0 0
160
8 0
4 0
60 180  
TIME (min)
6 0
Fig. 14,I l lu s t ra te s  the e ffec ts  on myocardial blood flow o f stepwise 
increments and decrements in PaCO .^ I t  is obvious tha t 
small changes in PaCOg o f the order o f 20 mmHg can produce 
changes in blood f low . These data are taken from f iv e
ind iv idua l dogs.
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drugs were administered as fo llow s.
In seven dogs, the b r ie f  hypercapnia stimulus was applied 
as described e a r l ie r  in  th is  chapter. A fte r  th is ,  a tropine, a 
parasympatholytic agent, was administered in the dosage 0.04 mg/kg. 
This was followed a few minutes la te r  by the f  adrenergic blocking 
agent propranolol (0.2 mg/kg). Atropine caused a mean increase 
in  heart rate o f 44 beats/min and a mean increase in myocardial 
blood flow o f 17 ml/lOOg/min. The haemodynamic e ffec ts  o f the 
two drugs is  seen in f igu re  15. Previous studies (Parra tt and 
Grayson, 1966) have shown tha t propranolol in the dose given in 
th is  study ( i . e .  U. 2  mg/kg) causes a decrease in myocardial blood 
flow . This was in agreement w ith  the find ings in th is  experiment. 
When the haemodynamic status o f the animals had s ta b i l ise d  a f te r  
the adm inistra tion o f atropine and propranolol, the b r ie f  
hypercapnie stimulus was repeated. The effects  o f hypercapnia 
before and a f te r  atropine and propranolol are seen in a single 
dog in f ig u re  16 and in the group o f seven dogs in f ig u re  17. 
Atropine and propranolol did not a f fe c t  the responses to hypercapnia
I t  was also considered tha t the myocardial blood flow 
response to increased PaCO^  might in fa c t  be due to the decrease in 
pH which accompanies hypercapnia. In an attempt to investigate 
th is  p o s s ib i l i t y ,  a group o f  animals were subjected to infusions 
o f la c t ic  acid or hydrochloric acid.
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H Y P E R C A P N I A H Y P E R C A P N I A
2 4 0
A T R O P I N E
p r o p r a n o l o l2 2 0
100
MBP(mmHg)
Pa C O ;  (mm Hg)
40  -
20  -
30 60 90 30 60
T I ME (min)
F ig .16. The e ffec ts  in a s ing le  dog o f hypercapnia (shaded columns) 
on myocardial blood flow (M.B.F.), mean a r te r ia l  pressure 
(M.B.P.) and heart rate (H.R.) before and a f te r  atropine 
and propranolol. The drugs did not a f fe c t  the responses 
to increased PaCOg.
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Figures 18 and 19 show respective ly the e ffec ts  o f 
infusions o f la c t ic  and hydrochloric acids each in a single dog.
The in fusion o f each acid was accompanied by a sharp f a l l  in pH to 
about 7.200. This produced a rapid r ise  in myocardial blood 
flow in both dogs (with a f a l l  in oxygen consumption in the la c t ic  
acid dog). There was a s l ig h t  r ise  in PaCOg w ith  each acid 
in fusion but th is  was not s u f f ic ie n t  to cause the flow increase 
which was seen. Figure 20 shows a comparison between the 
myocardial blood flow responses to la c t ic  acid in fusion and 
hypercapnia. The responses were s im ila r .
Because o f the natural b u ffe r r ing  capacity o f the blood, 
a f a i r l y  large volume o f acid so lu t ion  had to be infused rap id ly  
to produce the desired reduction in blood pH. To determine i f  the 
volume o f in fusate played any part in increasing blood flow , the 
e ffec ts  o f a 140 ml in fus ion o f  la c t i c  acid were compared w ith 
those o f 140 ml in fus ion o f normal sa line . The resu lts  o f th is  
comparison are seen in f ig u re  2 1 . Although la c t ic  acidosis 
produced a b r isk  flow increase no change in flow occurred w ith  
normal sa line . To confirm the re a c t iv i ty  o f the animal, 
hypercapnia was produced at the end o f the experiment w ith  the 
usual rapid and marked flow increase.
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Effect of Lactic Acid Infusion 
ofM .B . Flow and O 2 Consumption 
(1 DOG)
O2  CONS 
ml/lOOg /min 
15
LACTIC
ACID
INF.
\
160-1
120
8 0 -
4 0 -
/
pH UNITS 
7 -5 0 0
- 7 -300  
7-100
▲ H.R. 
Beats/min
M.B.P. 
mm. Hg
•  M.B. FLOW 
ml/lOOg/min
Pa CO 2
mm. Hg
20  4 0
TIM E ( min)
— 1 
60
Fig. 18. The e f fe c t  o f la c t ic  acid in fusion on myocardial blood 
flow and oxygen consumption, heart ra te , mean a r te r ia l  
pressure, PaCOp and a r te r ia l  pH. A sharp increase 
in myocardial blood flow occurred together w ith  a 
reduction in  oxygen consumption.
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Effect of HCI Infusion on 
Myocardial Blood Flow 
Single Dog
pH
7-4 -,
73
units
7 2
Ï20n
•X M E A N  BP 
I mmHg
M.B. FLOW  
ml /lOOg/mii
4 0 -
0 2 0  4 0  min
HCI
Infusion
Fig. 19. The e f fe c t  o f hydrochloric acid in fusion (shaded area) 
on myocardial blood flow , mean a r te r ia l  pressure, PaCO^  
and a r te r ia l  pH in a s ing le dog. Acid in fusion was 
accompanied by a sharp increase in myocardial blood 
flow.
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Effects of 10% Lactic Acid Infusion and Raised PaC02 on 
Myocardial Blood Flow and O 2 Consumption
pH
units
10
5-1
Single Dog
Myocardial 
. /  O2 Cons.
ml/lOOg/min
7 . 4  -
7 3 -
7 2 -
71-1
pH
140 n
120 -
Mean B.R 
mmHg
M.B. Flow 
ml/lOOg /mil
100 -
8 0 -
6 0 -
20 40
10% 
Lactic Acid 
Infusion
60 80 100 min0
CO2
Fig. 20. A comparison in  a s ing le dog between the e ffec ts  o f 10% 
la c t ic  acid in fus ion and hypercapnia. The e ffec ts  on 
myocardial blood flow were s im i la r ,  however hypercapnia 
caused a greater reduction in oxygen consumption o f the 
myocardium. This may have been due to the fa c t  tha t 
there was a greater reduction in pH w ith  hypercapnia.
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Effects of Infusions of Lactic Acid and NaC I and of 
Raised PaCO? on Myocardial Blood Flow
pH
7-3-,
7 -2 -
71-
70
(units)
180-1
M.B. Flow 
(ml/iOOg /minj
140-
Meon B.P 
(mmHg)
100 -
60-
NaS'
Infusion
140ml 
Lactic Acid 
Infusion
60 80 min4020
Fig. 21. A comparison in  a s ing le  dog o f the e f fe c t  o f in fusion o f 
140ml 10% la c t ic  acid and 140ml sodium ch lo ride  so lu t ion . 
The sodium ch lo ride  so lu tion  was w ithout e f fe c t  whereas 
la c t ic  acid caused an increase in  myocardial blood flow. 
The re a c t iv i ty  o f the animal was confirmed by g iv ing COp 
at the end o f the experiment whereupon a b r is k  increase 
in flow occurred.
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DISCUSSION
These studies have shown tha t ra is ing  the PaCOg to about 
90 ” 100 mmHg causes a considerable increase in myocardial blood 
flow . This increase was not re la ted to changes in blood pressure 
(and hence in perfusion pressure), heart rate or cardiac output 
nor was i t  secondary to an increase in  myocardial oxygen 
consumption since oxygen consumption in fa c t  decreased. The fa c t  
tha t the blood flow responses to hypercapnia were unaffected by 
p a r t ia l  blockade o f the parasympathetic system by atropine and 
blockade o f ^  adrenoreceptors by propranolol make i t  un like ly  
tha t the autonomic nervous system or c irc u la t in g  catechol amines 
were responsible fo r  the observed responses. I t  would appear 
l i k e ly  there fore , tha t the e f fe c t  o f raised PaCO^  on myocardial 
blood flow is  a d ire c t  e f fe c t  o f  CO^  on the myocardial vasculature. 
Thus, in common w ith  the cerebral c irc u la t io n  (Harper, Glass and 
Glover, 1961), the splanchnic c irc u la t io n  (McGinn, Mendel and 
Perry, 1967) and the skin (McCardle, Roddie, Sheperd and Whelan, 
1957), the myocardial vasculature responds to raised carbon 
dioxide tension by vasod ila ta t ion . This response in the myocardium 
occurs whether the elevation o f PaCOg be large ( i . e .  up to 100 mmHg) 
or re la t iv e ly  small ( i . e .  up to 60 mmHg). A fte r  prolonged 
exposure to raised PaCOg the myocardial vasculature appeared to 
become less responsive and blood flow tended to return to normocapnie 
levels as did oxygen consumption.
The combination o f  raised blood flow and reduced oxygen 
consumption appears to be an unusual one and apparently the only
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other procedures which produce these find ings are vagal, s t im u la tion  
and the a r t i f i c i a l  induction o f  very rapid heart rates (Laurent, 
Bolene-Williams, Williams and Katz, 1956).
Studies by Prys-Roberts and Kelman (1966) showed tha t 
elevation o f PaCO^  to 90 mmHg produced what they re ferred to as a 
hyperdynamic c irc u la t io n  w ith  raised cardiac output. This was 
thought to be a re s u lt  o f increased sympathetic nervous discharge. 
In th is  study no consistent systemic c ircu la to ry  changes occurred, 
possibly because the raised PaCOg caused a degree o f  myocardial 
depression which counterbalanced any possible stim ula tory  e f fe c ts . 
This idea is supported by the f ind ings o f the reduced myocardial 
oxygen consumption which one would expect i f  c o n t r a c t i l i t y  were 
depressed.
I t  appears the re fo re , tha t the predominant e ffec ts  o f 
raised PaCO^  on the heart are twofo ld, one which causes a marked 
d i la ta t io n  in the coronary vascular bed and another which causes 
myocardial depression which is  associated w ith  reduced oxygen 
consumption.
The fa c t  tha t v i r t u a l l y  iden tica l changes were observed 
w ith  the in fusion o f  acid so lu tions strengthens the p o s s ib i l i t y  
tha t the pH changes associated w ith  raised PaCO^  may be the 
important fa c to r  mediating the flow increases. I t  should be 
pointed out tha t certa in  other workers have fa i le d  to demonstrate 
flow changes w ith  infusions o f hydrochloric acid ( K i t t le  et a l . ,  
1965; Goodyer, Eckhardt, Ostberg and Goodkind, 1961). Scheuer
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(1968) attempted to determine whether the flow responses were due 
to a COg e ffe c t  or a pH e f fe c t  by in fusing sodium bicarbonate 
so lu t ion . S u f f ic ie n t so lu t ion  was infused to increase the 
a r te r ia l  blood pH from 7,360 to 7.590 units w ith a resu lt ing  
increase in  PaCO^  from 38 to 91 mmHg. This resulted in  a 
substantia l flow increase (from 60 to 168 ml/lOOg/min). However 
large volumes o f in fusate were used to produce these changes, 
s u f f ic ie n t  in fa c t  to increase heart ra te , tens ion-time index and 
myocardial oxygen consumption, so i t  may be tha t the flow increase 
was a t least in part i f  not wholly due to increased myocardial work.
In 1965, K i t t le  et a l .  showed tha t myocardial blood flow 
increased w ith  elevated PaCOg even when the a r te r ia l  blood pH was 
kept constant by the simultaneous in fusion o f 0.9 N tr ishydroxy- 
methyl ami nomethane (T r is ) .  I t  may well be therefore tha t both 
raised PaCOg and decreased a r te r ia l  pH have s im ila r  but independent 
e ffec ts  on the myocardium. The data from th is  study are in s u f f ic ie n t  
to allow a conclusion on th is  matter to be arrived a t.
CHAPTER 7.
MYOCARDIAL BLOOD FLOW RESPONSES TO HYPOXIA,
I t  has long been recognised that hypoxia w i l l  produce 
increases in  myocardial blood flow (H ilton  and E icho ltz , 1924-25; 
Eckenhoff et a l . ,  1947; Berne, Blackmon and Gardner, 1957;
Feinberg, Gerola and Katz, 1958; Auckland, K i i l ,  Kjekshus and 
Semb, 1967). Previous studies however have not attempted to 
re la te  blood flow changes to blood oxygen levels and in  p a r t ic u la r  to 
a r te r ia l  oxygen tension. This was the primary object o f  the study 
described here.
A to ta l o f  27 animals were studied (weight range 19 - 33 kg) 
Anaesthesia was administered as described in  Chapter 2 ( i . e .  
induction w ith  thiopentone and maintenance w ith  t r ich lo ro e th y le n e ).
In the f i r s t  group o f 5 dogs, hypoxia was produced by 
gradually lowering the inspired oxygen concentration (FIO^) by small 
decrements. Blood flow and other measurements could thus be made 
at progressively lower leve ls o f PaOg. Figure 22 shows the 
changes that occurred in myocardial blood flow , blood pressure and 
heart rate during th is  procedure. No marked response in  blood 
flow occurred u n t i l  the PaOg had fa l le n  to less than 40 mmHg when 
a s ig n i f ic a n t  increase occurred (P<0.01 at mean PaO^  o f 35 mmHg 
and P<[0.001 at mean PaOg o f 25 mmHg). Blood pressure tended to 
increase gradually throughout the experiment but th is  did not
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a tta in  s ig n if ic a n t  le ve ls .  Heart rate tended to f a l l  when PaO^  
f e l l  to less than 50 mmHg but th is  was not a s ig n if ic a n t  change.
I t  appears therefore tha t there is  a c r i t i c a l  level o f PaOg around 
35 mmHg above which myocardial blood flow does not a l te r .  I t  is 
regretted tha t oxygen consumption d a t a j ^ ^ n o t  ava ilab le  fo r  
these f iv e  experiments.
Having demonstrated tha t a c r i t i c a l  level o f  PaOg existed,
27 experiments were carried out in the remaining 2 2  dogs in  such 
a way tha t the FlOg was reduced to a mean level o f  1 0 . 6 % in a 
s ing le step ( rap id ly  induced hypoxia). This produced a mean 
PaOg o f 29 mmHg. The a r te r ia l  and coronary sinus oxygen tension, 
saturation and content changes associated w ith  th is  reduction in 
FlOg are shown along w ith  pCO^  and pH changes in  tab le 15. As 
was to be expected, pOg, saturation and content a l l  f e l l  s ig n i f ic a n t ly  
but pCOg and pH were unaltered.
During the period o f hypoxia, several sets o f measurements 
were made and the data quoted are those which coincided w ith  the 
maximum myocardial blood flow change and, as indicated above, the 
a r te r ia l  and coronary sinus pCOg were unchanged at tha t time.
When however, the hypoxic stimulus was maintained fo r  up to 15 min. 
beyond th is  time, as i t  was in 21 experiments, PaCOg rose 
s ig n if ic a n t ly  to 48 - 1.5 mmHg (P< 0.001). This re la t iv e ly  short 
period o f hypoxia did not produce changes in base excess ( i . e .  the 
non-respiratory component o f  acid base balance).
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Table 16 shows the haemodynamic and myocardial blood flow changes 
which occurred w ith  the induction o f hypoxia and in  the immediate 
post-hypoxic period when the FIO^ was returned to contro l le ve ls . 
Hypoxia caused a 37% increase in  myocardial blood flow , a 10% 
increase in  a r te r ia l blood pressure and a large increase in  r ig h t  
a t r ia l pressure. Heart ra te and myocardial vascular resistance 
showed reductions o f 13% and 22% respective ly . A ll o f these 
returned to near contro l leve ls  when the FIO^ was restored to pre- 
hypoxic le v e ls .
The changes in  myocardial oxygen a v a i la b i l i ty ,  consumption 
and ex trac tion  w ith  hypoxia are seen in  Table 17. Oxygen 
a v a i la b i l i ty  decreased during hypoxia despite the large blood flow 
increase, however mean oxygen consumption was unchanged because o f 
a r is e  in  oxygen e x tra c tio n .
Although the heart ra te  showed a mean reduction o f 13%, 
there were in  fa c t two d is t in c t  patterns o f heart ra te  response to 
the hypoxic challenge. In 16 experiments the heart ra te  decreased 
and in  the remaining 11 experiments there was an increase in  
heart ra te . Table 18 shows the changes which occurred in  mean 
a r te r ia l pressure and myocardial blood flow and oxygen consumption 
in  re la tio n  to these two d if fe re n t heart ra te responses. Blood 
flow increased to a la rg e r extent when heart rate increased than 
when i t  decreased (45% as opposed to 32%) and s im ila r ly  w ith  
a r te r ia l pressure (18% as compared w ith  9%). In the case o f 
myocardial oxygen consumption, there was a 26% increase when heart 
ra te rose as compared w ith  a s l ig h t  decrease when heart ra te  f e l l .
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The blood flow responses in  two dogs which showed d if fe re n t heart 
ra te changes are i l lu s tra te d  in  fig u re  23.
An attempt was made to  re la te  blood flow changes to 
ce rta in  oxygen data and fig u re  24 shows the re la tio n sh ip  between 
blood flow and a r te r ia l oxygen tension, coronary sinus oxygen 
tension and coronary sinus oxygen content. Blood flow appeared 
to be most c lose ly  re la ted  to coronary sinus oxygen tension. The 
c r i t ic a l  level o f a r te r ia l PO^  fo r  flow increase ( i . e .  about 35 mmHg) 
corresponded to a coronary sinus POg o f 18 mmHg which in  turn 
corresponded to an oxygen content in  the coronary sinus o f 
5.0 ml/100ml. A fte r the c r i t ic a l  leve l o f POg had been reached, 
fu r th e r small decrements in  PaOg were accompanied by fu r th e r 
increments in  blood flow (see figu res  22 and 23). This suggests 
the re fo re , th a t the flow response a t the c r i t ic a l  PaO^  leve l may 
not be maximal and th is  is  confirmed in fig u re  25 where the flow 
changes produced by hypoxia are compared w ith  those produced by 
hypercapnia. Even at a PaOg o f 20 mmHg, the flow increase was 
exceeded by tha t produced by an elevated PaCOg o f 84 mmHg.
A rte r ia l and coronary sinus concentrations o f la c ta te , 
pyruvate and glucose were measured in  12 animals from the ra p id ly  
induced hypoxia se ries . These data are shown in  Table 19,
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Myocardial Blood Flow 
(ml/lOOg /  min.)
Heart Rate (beats/min)
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Fig, 23. This i l lu s tra te s  the two d if fe re n t heart ra te  responses 
to hypoxia (shaded areas) in  two dogs. The data on the 
r ig h t hand side where the heart rate increased ind icated 
th a t blood flow and blood pressure showed a la rg e r 
increase than tha t on the le f t  hand side where heart 
rate decreased.
bnjc
o
s-
oo
96.
• • • •
• • • •
O o
I I
X JCfO
CNJO
O-
U) • 
r s  CNJ E O • 
■r- Q_ E
in O
CO>, =5 4->
E E COrC ' CO
E CO
O +J
E CO
O E CU
O (O >
E E
O
E
(N O CO
O (J
«3 X
CL JE o-J-> CL
XJ >>
E 5  X :
CO
CO (U
2 _Eo -W
CL
4- E
_E
XJ CO
O E too O
CO
X I +J E
CO
E
CO CU COE
XJE CNJ
CO too CUo CO
>1 o CO
E o E
E o
CU QJ E
(U _E 4 -1—
E
CU CU
X )
(O0-4-> 4 ->
E
JSZ. CU CU
tn 4 -> E
E E cOO OO CO
4J +J
CO CNJcO
O XJ
(U
E to CU3 to
CU E CU
X : X :1— to 1—
CNI
o>
97.
200
160-
Myocardial Blood Flow 
(ml/lOOg /  min.)
120-
80
Mean Blood Pressure 
(mmHg)
120 -
100-
160-
Heart Rate (beats/min) 120-
8 0 -
80-
40-
80-
Pa O2 (mmHg)
40“
20 40 60 80 100 120140 160
M inutes
F ig .25. A comparison in  a s ing le  dog between the e ffe c ts  o f hypoxia 
and raised PaCOp, When the Pa02 was reduced to 20 mmHg 
th is  did not produce maximal coronary vasod ila ta tion  since 
the flow response was exceeded by tha t o f an elevated PaCOp 
o f 84 mmHg.
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Pyruvate 
(mg/100ml )
G1ucose 
(mg/100ml)
Control Hypoxia
A rte r ia l C. Sinus A rte r ia l C. Sinus
1 9 - 8 ^ 3 . 0  1 5 .1  -+ 2 .2  2 9 .9  -+ 5 .4
1.3 - 0.1
115 - 6
0.9 - 0.1
113 - 6
1.4 - 0.1
130 - 6
26.5 - 4.8
1 .2  -  0.1
128 - 7
TABLE 19. The e ffec ts  o f ra p id ly  induced hypoxia on a r te r ia l 
and coronary sinus (C.Sinus) concentrations o f 
la c ta te , pyruvate and glucose,
(Mean + SEM. 12 dogs).
In the contro l period the myocardium appeared to ex tra c t la c ta te  and 
pyruvate but probably not glucose. During hypoxia a m ild systemic 
la c t ic  acidosis developed but there appeared to be no change in 
ex trac tion  o f the three substra tes. (The data used to compile 
Table 19 did not necessarily coincide w ith  the maximum blood flow 
change).
E lectrocard iographic changes occurred frequen tly  during 
hypoxia. Eleven animals showed ve n tr ic u la r extrasysto les (3 o f 
which were m u lt ifo c a l) ,  fo u r developed nodal rhythm, two developed 
complete heart block and ST segment and T wave changes occurred in  
e ig h t. In a ll cases the re turn  to normal oxygenation promptly 
restored the e lectrocard iographic pattern to normal.
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A fte r the ra p id ly  induced hypoxic stim ulus, seven animals 
were given atropine and propranolol in  the same dose as th a t used 
in  Chapter 6 ( i .e .  0.04 mg/kg o f atropine and 0.2 mg/kg o f 
p roprano lo l). The changes produced by atropine and propranolol 
were de ta iled  in  Chapter 6 and s im ila r changes occurred once again. 
A fte r the adm in is tra tion  o f the two drugs, the ra p id ly  induced 
hypoxic stimulus was repeated. The haemodynamic changes produced 
by hypoxia before and a fte r  atropine and propranolol in  the seven 
dogs are shown in  fig u re  26 and in  a s ing le  dog o f the group in 
fig u re  27, The responses to hypoxia were uninfluenced by the 
adm in is tra tion  o f the drugs.
In a small group o f the 22 animals in  the main series 
hypoxia was ra p id ly  induced and maintained fo r  some 60 minutes. 
Myocardial blood flow remained elevated during the period o f 
hypoxia but despite th is ,  myocardial oxygen consumption f e l l  
progressively a fte r  the f i r s t  10-15 minutes and th is  was accompanied 
by an increasing ly  severe systemic metabolic ac idos is . The resu lts  
from one o f these animals is  shown in  fig u re  28.
DISCUSSION
The myocardium, because o f i t s  constant work load, has a 
continuous high leve l o f energy requirement. Since the energy 
production o f anaerobic metabolism is  small in  comparison to th a t 
o f aerobic metabolism, the myocardium must have a constant supply 
o f oxygen. I t  w i l l  ra p id ly  f a i l  i f  th is  supply is  not maintained 
as a re s u lt o f e ith e r hypoxaemia or coronary occlusion (Bing, 1965;
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Myocardial Blood Flow 
(m l/lOOg /  min.)
(mmHg)
Heart Rate (beats/min)
PaC02(mmHg)
Pa O2 tmmHg)
Atropine
Propranolol180 -
100 -
60-
150- 
130- 
110 -  
180 -
120 -
60-
40-
100
60 -
20
20 40 60 20 40 60
Minutes
Fig. 27. The responses to hypoxia (shaded areas) in  a s ing le  dog 
before ( le f t  hand side) and a fte r  ( r ig h t hand side) 
atropine and proprano lo l. The responses were uninfluenced 
by the drugs.
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200
Myocardial Blood Flow 160 
(ml/lOOg./ min.)
120 -
PaOg (mmHg)
M v 0 2  (m l/ l0 0 g /m in  ) 
B ase Excess ( m E q / l )
80
H eart Rate (beats/m in)
Mean Blood Pressure 
(mmHg)
PaC02(mmHg)
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Fig. 28. The e ffe c ts  o f hypoxia sustained fo r  60 minutes on
myocardial blood flo w , heart ra te , mean a r te r ia l pressure, 
PaCOg, myocardial oxygen consumption (MvOg) and base 
excess.
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Tennant and Wiggers, 1935). In th is  study, the myocardium 
responded to hypoxia in  a twofo ld manner, one by increasing its  
blood flow and the other by increasing the proportion o f oxygen 
extracted from the blood. I t  was thus enabled to obtain enough 
oxygen to maintain i t s  fun c tion .
The demonstration o f a c r i t ic a l  leve l o f a r te r ia l oxygen 
tension a t which myocardial blood flow shows an increase is  not a 
universal fin d in g  in  other s tud ies. The c r i t ic a l  leve l suggested 
here is  about 30-35 mmHg PaO^. Berne et a l,  (1957) suggested, 
from work on open chest dogs w ith  a r t i f i c ia l l y  perfused coronary 
a r te r ia l systems, tha t there was a c r i t ic a l  level o f hypoxia 
a t which flow increases occurred and tha t th is  appeared to be when 
the coronary sinus blood oxygen content f e l l  to less than 5.5 vols.%. 
This study is  in  f a i r ly  close agreement w ith  Berne's suggestions 
since fig u re  24 shows th a t the c r i t ic a l  leve l o f coronary sinus 
oxygen content was about 5 ml/lOOml ( te .5 vols.% ). Figure 24 
shows also th a t the sca tte r o f coronary sinus oxygen tension values 
was somewhat less than th a t o f the a r te r ia l oxygen tension values, 
suggesting th a t there is a good re la tio n sh ip  between myocardial 
blood flow and coronary sinus oxygen tension which is  presumably 
re la ted  in  tu rn  to  myocardial tissue  oxygen tension. I t  is  o f 
in te re s t th a t the c r i t ic a l  leve l o f PaO^  ( i . e .  about 32-33 mmHg) 
coincided w ith  the contro l leve l o f coronary sinus oxygen tension 
(see Table 15) again suggesting th a t myocardial tissue  oxygen 
tension may be an important fa c to r in  the control o f myocardial 
blood flow .
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Hypoxia in  th is  study was associated w ith  an increase in  
PaCOg, a fa c to r which has been shown to increase myocardial blood 
flow (see Chapter 6 ). However, the maximum flow increase 
occurred before the PaCO^  had risen and therefore the PaCO^  increase 
cannot be considered as a causative fa c to r in  the blood flow 
response to hypoxia.
The heart ra te  responses to  hypoxia have been described 
by Daly and Scott (1963) and Kontos, Mauck, Richardson and Patterson 
(1965). These workers concluded th a t the response o f heart ra te to 
hypoxia depends on whether the animal is  a r t i f i c ia l l y  ve n tila te d  or 
breathes spontaneously. Spontaneously breathing animals respond 
to hypoxia by hype rve n tila tio n  which contributes to the tachycardia 
which is  a frequent response to  hypoxia. This is  apparently 
in it ia te d  by a re fle x  from the s tre tch ing  o f the hyperventila ted 
lung (Daly and Scott, 1963). Although Krasney (1967) has reported 
tachycardia as a response to hypoxia in  the a r t i f i c ia l l y  ve n tila te d  
animal, the usual response is  a bradycardia which re su lts  from 
ca ro tid  chemoreceptor s tim u la tio n  by hypoxic blood (Kontos e t a l . ,  
1965). In th is  study, about one th ird  o f the animals responded 
to hypoxia w ith  a tachycard ia. This was probably due to s tim u la tion  
o f the sympathetic nervous system and release o f adrenaline from 
the adrenal medulla by the hypoxic stim ulus. The m a jo rity  o f the 
animals however, responded w ith  a slowing o f heart ra te which was 
on occasion qu ite  marked (see figu res 23 and 25). This was 
probably due to  s tim u la tion  o f ca ro tid  and a o rtic  body chemoreceptors 
by hypoxic blood and possibly also to  a d ire c t myocardial depressant 
e ffe c t o f hypoxia (Kahler, G o ldb la tt and Braunwald, 1962).
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The lack o f e ffe c t o f atropine and propranolol on the 
responses to hypoxia ind ica te  th a t these responses are not 
mediated through the autonomic nervous system nor through the 
release o f catechol amines in to  the blood stream from the adrenal 
medulla. This fin d in g  is  contrary to th a t o f Fo lle  and Aviado 
(1965) who concluded, from experiments in  open chest dogs w ith  
coronary sinus outflow  measurement, th a t the ^  adrenoreceptpr 
blocking drug so ta lo l abolished the increase in  coronary sinus 
outflow which resu lted from inh a la tio n  o f 5% oxygen in  n itrogen.
The resu lts  o f the study reported here would suggest tha t 
the myocardial vascular response to hypoxia is  due to a d ire c t 
e ffe c t o f lowered a r te r ia l or tissue  oxygen tension (or to  the 
release o f some m etabolite associated therew ith) on vascular smooth 
muscle.
The observation o f a consistant increase in  a r te r ia l 
carbon dioxide tension w ith  hypoxia ind icates an increase in  pulmonary 
dead space. Hypoxia is  known to  cause pulmonary vasoconstric tion 
(Duke, 1951; Bergofsky, Haas and P o rc e lli,  1968) and th is  w i l l  
almost c e r ta in ly  be associated w ith  disturbances o f pulmonary 
v e n tila tio n /p e rfu s io n  re la tion sh ips  which may give r is e  to  areas 
w ith in  the lungs where perfusion is  inadequate in  re la tio n  to the 
volume o f gas v e n tila t in g  ( i . e .  increased intrapulmonary dead space).
Almost in v a ria b ly , th is  is  accompanied by increased intrapulmonary shunt e ffe c t 
( i . e .  when the volume o f blood perfusing an area o f lung is  excessive 
re la t iv e  to the volume o f gas v e n tila t in g  i t ) .  Increased shunt 
e ffe c t may have played a pa rt in  causing the s lig h t  f a l l  in  PaOg 
which often occurred during hypoxia a fte r  the FlOg was stab le  (see
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figu res 23, 25 and 28).
The metabolic disturbances associated w ith  a b r ie f  period 
o f hypoxia were not severe and amounted only to a s l ig h t  degree o f 
systemic la c t ic  acidosis which presumably ind icates th a t there was 
true tissue hypoxia in  some areas o f the body. This was not the 
case in  the heart since the myocardium continued to  ex tra c t 
la c ta te  ra ther than produce i t .  Although th is  would appear to 
suggest th a t most o f the animals could obtain enough oxygen fo r  
myocardial fu n c tio n , the e lectrocard iographic changes seen would 
suggest tha t a few were on the verge o f fa ilu re  p a r t ic u la r ly  those 
which developed complete heart b lock since Harris (1951) has shown 
tha t the commonest term inal e lectrocard iographic abnormality during 
hypoxia is  the development o f pacemaker o r a tr io v e n tr ic u la r  
conduction fa i lu re .  These animals recovered uneventfu lly  a fte r  
re-oxygenation.
In con tras t, the e ffe c t o f maintaining a lowered PaO^  fo r  
60 minutes produced an increas ing ly  severe degree o f base d e f ic i t .  
Towards the end o f th is  period o f hypoxia a r te r ia l blood pressure 
f e l l  and the in i t i a l  heart ra te  reduction was reversed (see fig u re  
28). I t  is  assumed th a t these changes ind ica te  th a t the myocardium 
was by th is  time on the po in t o f fa i lu re .  Nevertheless, haemo- 
dynamics and myocardial oxygen consumption returned to contro l leve ls  
w ith in  a very short time o f re tu rn ing  to a normal PaOg thus 
in d ica tin g  the capacity fo r  recovery o f the healthy heart.
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CHAPTER 8.
THE EFFECTS OF HAEMORRHAGIC HYPOTENSION ON MYOCARDIAL BLOOD FLOW 
AND OXYGEN CONSUMPTION.
Anaesthesia fo r  th is  study was administered as described 
in  Chapter 2. A fte r contro l measurements had been made, the 
animals were rendered hypotensive by the withdrawal o f blood through 
a wide bore cannula inserted in to  the r ig h t femoral a rte ry .
Bleeding took place over a period o f 10 - 20 minutes.
Two groups o f animals were s tud ied :-
1. Moderate haemorrhage - a r te r ia l blood pressure reduced to
about 75 mmHg.
2. Severe haemorrhage - a r te r ia l blood pressure reduced to
about 45 mmHg.
The FTOg was adjusted to maintain a re la t iv e ly  constant PaO^  a t a ll 
tim es.
MODERATE HAEMORRHAGE
Nine dogs were included in  th is  group. The average 
quantity  o f blood withdrawn was 43 ml/kg (range 25 - 63 m l/kg ). This 
resulted in  a decrease in  mean packed c e ll volume from 43% to 38% and 
a decrease in  mean haemoglobin concentration from 15.0 to 13.0 
g/100 m l.
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The haemodynamic e ffec ts  o f th is  blood loss are seen in
Table  20.
Mean
a r te r ia l
B.P.
(mmHg)
Heart
ra te
(beats/
min)
Myocardial Cardiac Myoc. vase
blood flow output resistance
(ml/lOOg/min) (1/min) (u n its )
Control 122  -  6
P<D.001
+Haemorrhage 7 3 - 2
165 -  12 111 - 7
P<0.001 
194 -  21 61 - 5
4.16 -0.56 112 - 6
P<0.001
1 .36 -0.12 125 -  12
TABLE 20. The haemodynamic changes associated w ith  moderate blood 
loss. (Mean + SEM. 9 dogs).
Heart ra te tended to increase but th is  did not reach a s ig n if ic a n t 
leve l in  th is  series o f animals. Myocardial blood flow and cardiac 
output were markedly reduced. Myocardial vascular resistance tended 
to  increase.
Table 21 shows the a r te r ia l blood gas, pH and base excess 
changes along w ith  the coronary sinus POg changes re su ltin g  from 
moderate haemorrhage.
Art.PO, Art.PCO,
(mmHg) (mmHg)
Art.pH 
(u n its )
Art.base 
excess
(meq/1)
C.Sinus PO, 
(mmHg)
Control 9 9 - 3
Haemorrhage 9 5 - 3
41 -  2 1 -  27.386-0.026 
P<0.05 P<0.05 P<0.01
4 8 - 3  7.262-0.048 - 9 - 2
31 -  2
27 - 4
TABLE 21. A rte r ia l (A r t . )  blood gas, pH and base excess changes w ith  
moderate haemorrhage (Mean + SEM 9 dogs).
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A rte r ia l carbon d ioxide tension rose s ig n if ic a n t ly  w h ile  
a r te r ia l pH and base excess f e l l  ind ica tin g  the onset o f metabolic 
ac idos is . Although the reduction in  coronary sinus oxygen tension 
was sm all, there was a considerable increase in  myocardial oxygen 
ex trac tion  as can be seen in  Table 22.
Myocardial oxygen
consumption
(ml/lOOg/min)
Myocardial oxygen
a v a i la b i l i ty
(ml/lOOg/min)
Myocardial oxygen 
ex trac tion  
{ % )
Control
Haemorrhage
9.49 - 1.3 
P<0.01 
6.19 - 0.9
22.17 - 1.7 
P<0.001 
10.11  -  0 .6
4 6 - 2
PfO.Ol 
68 -  4
TABLE 22. Changes in  myocardial oxygen a v a i la b i l i t y ,  ex trac tion  and 
consumption w ith  moderate haemorrhage.
(Mean + SEM - 9 dogs.)
The mean myocardial oxygen a v a i la b i l i ty  f e l l  by some 54% and although 
mean oxygen ex trac tion  increased by 48% th is  was not enough to 
maintain oxygen consumption which decreased by 34%.
SEVERE HAEMORRHAGE
This group included eleven dogs from which the average 
amount o f blood withdrawn was 51 ml/kg (range 41 -  66 m l/kg ). The 
mean packed ce ll volume in  these animals f e l l  from 46% to 36% and the 
mean haemoglobin concentration from 17.1 to  13.6 g/lOOml.
The blood pressure reduction achieved by th is  amount o f 
bleeding is  seen in  Table 23. The accompanying myocardial blood
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flow and cardiac output reductions were h igh ly  s ig n if ic a n t as was 
the reduction in  myocardial vascular resistance.
Mean Heart Myocardial Cardiac Myoc.vase,
a r te r ia l ra te  blood flow Output resistance
B.P. (beats/ (ml/lOOg/min) (1/min) (u n its )
(mmHg) min)
Control 141 -  4 186 - 14 116 -  7 3.13 -0 .40 125 - 7
P<0.001 P<0.001 P<0.01 P<0.01
Haemorrhage 47 - 3 193 -  13 52 - 6 1.26 -  0.48 96 - 7
TABLE 23. Haemodynamic changes associated w ith  severe haemorrhage 
(Mean + SEM - 11 dogs).
The corresponding changes in  a r te r ia l blood gases and pH are shown in 
Table 24.
Art.POg Art.PCOg Art.pH Art.base
(mmHg) (mmHg) (u n its ) (neq/1)
Control 103 -  2 41 - 1 7.369 - 0.037 -2  -  1
P<0.01 P<0.001 P<0.001
Haemorrhage 9 7 - 5  5 7 - 5  7.117 - 0.051 -15 - 2
TABLE 24. A r te r ia l blood gas, pH and base excess changes w ith  
severe haemorrhage, (Mean + SEM -  11 dogs).
A rte r ia l carbon dioxide tension increased markedly and there was a 
h igh ly  s ig n if ic a n t reduction in  a r te r ia l pH and base excess.
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Myocardial Op
consumption
(ml/lQOg/min)
Myocardial Op
a v a ila b i l i ty
(ml/lOOg/min)
Myocardial Op 
ex trac tion
Control
Haemorrhage
11.6  -  1.2  
P<0.001 
5.1 -  0.6
21.55 - 1.8 
P<0.001 
7.62 - 1.0
52 -  5
PfO.Ol
65 -  4
TABLE 25. Changes in  myocardial oxygen consumption, a v a i la b i l i ty  
and ex trac tion  w ith  severe haemorrhage.
(Mean + SEM - 11 dogs).
Myocardial oxygen a v a i la b i l i ty  was very markedly reduced as was oxygen 
consumption (Table 25). Myocardial oxygen ex trac tion  increased 
s ig n if ic a n t ly .
With severe haemorrhage there was evidence o f myocardial 
ischaemia. ST segment depression occurred in  a ll animals w h ile  in  
some, extrasysto les occurred and in  some, nodal rhythms occurred.
DISCUSSION
Severe blood loss is  ra p id ly  fa ta l i f  energetic measures 
to  a rre s t the bleeding and replace the lo s t blood volume are not 
taken. Evidence ex is ts  to  suggest tha t the heart i t s e l f  is  the 
main s truc tu re  responsible fo r  the fa ta l outcome (Guyton and Crowell, 
1961; Crowell and Guyton, 1961&1962). The heart fa i ls  probably 
as a re s u lt o f hypoxia which re su lts  from the reduction in  blood flow 
through the myocardial tissue  together w ith  the reduction in  a r te r ia l 
oxygen content consequent on the f a l l  in  haemoglobin concentration.
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The other very important fa c to r accompanying haemorrhage is  metabolic 
acidosis which has been shown to depress myocardial c o n tra c t i l i ty  
(Thrower, Darby and A ld inger, 1961; Opie, 1965; Ng, Levy and 
Zieske, 1967).
The development o f metabolic acidosis during haemorrhagic 
hypotension contrasted w ith  the acid-base status during hypotension 
induced w ith  halothane. In the halothane experiments (Chapter 4) 
acidosis was not seen. I t  is  o f course, w ell recognised tha t 
there are major d iffe rences between haemorrhagic hypotension and 
drug induced hypotension bu t the development o f acidosis in 
haemorrhage is  one o f the best acknowledged o f these d iffe rences and 
probably re su lts  from inadequate tissue  perfusion and hypoxia.
Another important d iffe rence  which has been suggested in  recent years 
is  the possible existance o f a ‘myocardial depressant fa c to r ' 
which is  released during haemorrhage (Le fer, 1970; F isher, Heimbach, 
McArdle, Maddern, Hutcheson and Ledingham, 1973; McArdle and F isher, 
1973). I t  has been suggested tha t th is  fa c to r , which is  thought to 
be a small peptide o r glucopeptide molecule, acts in  some way as a 
metabolic in h ib ito r  when haemorrhagic shock has been prolonged and 
contributes to the lack o f responsiveness to  re su sc ita tio n  in  
ir re v e rs ib le  shock (Heimbach, F isher, Hutton, McArdle and Ledingham, 
1973).
I t  has been suggested previously tha t during haemorrhagic 
hypotension, the myocardial vasculature exh ib its  the phenomenon o f 
'au to regu la tion ' which means th a t the vascular resistance is  
adjusted by some inherent mechanism which allows blood flow to be 
maintained a t a re la t iv e ly  stab le  leve l in  the face o f a changing
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blood pressure (Berne, 1959; Mosher, Ross, McFate and Shaw, 1964; 
Grayson and P a rra tt, 1966). Such a mechanism would help to  explain
the d iffe rence in  myocardial vascular resistance in  moderate and 
severe haemorrhage. I t  would also appear tha t such a mechanism 
is  abolished by halothane (see Chapter 4 ). In Chapter 6 i t  was 
shown th a t both re sp ira to ry  and metabolic acidosis would cause 
increased myocardial blood flow . I t  is  o f in te re s t th a t both 
metabolic acidosis and a raised PaCOp occurred during haemorrhage, 
and one is  led to speculate th a t these two fac to rs  may have played 
a part in  the marked reduction in  myocardial vascular resistance 
during severe haemorrhage and th a t they may indeed be responsible 
a t leas t in  pa rt fo r  the occurrence o f autoregulation o f blood flow 
in  the myocardium. I t  would fo llow  therefore th a t the absence o f 
autoregula tion during halothane induced hypotension may be re la ted  
to  the absence o f ac idos is .
The increase which occurred in  a r te r ia l carbon dioxide 
tension during moderate and severe haemorrhage ind ica tes an increase 
in  pulmonary dead space v e n tila t io n  which is  a w e ll recognised 
phenomenon during haemorrhage and occurs due to  a lte red  v e n tila t io n - 
perfusion re la tionsh ips  w ith in  the lung. Undoubtedly th is  would 
also have led to  a reduction in  a r te r ia l oxygen tension i f  the 
insp ired oxygen fra c tio n  had not been adjusted to maintain f u l l  
oxygenation.
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CHAPTER 9 .
SUMMARY OF RESULTS AND GENERAL DISCUSSION.
The resu lts  presented in  previous chapters show tha t
1. Hypocapnia o f moderate degree (PaCOp 25 mmHg) causes a
reduction in  myocardial blood flow w ith  an associated 
increase in  myocardial oxygen ex trac tion  so th a t oxygen 
consumption was unaltered. S ig n ific a n t metabolic changes 
were not observed in  the myocardium.
2. Hypotension induced w ith  halothane is  accompanied by dose 
dependent reductions in  myocardial blood flow and oxygen 
consumption and also in  heart ra te and cardiac output.
There was an associated increase in  myocardial vascular 
resistance w ith  the higher doses examined.
3. The décrémentai e ffec ts  o f halothane hypotension and 
hypocapnia on myocardial blood flow are add itive  when the 
two conditions are produced simultaneously. During 
recovery from halothane hypotension, the blood pressure 
gives a poor in d ica tio n  o f re turn ing myocardial func tion .
4. Hypercapnia causes a marked increase in  myocardial blood 
flow accompanied by a reduction in  oxygen consumption o f
the myocardium. Blood pressure and heart ra te  are unaffected,
115.
S im ila r resu lts  were produced by infusions o f la c t ic  and 
hydrochloric acids. The COg responses were unaffected 
by p a rt ia l parasympathetic or |3 adrenergic blockade.
5. Hypoxia was accompanied by an increase in  myocardial blood 
flow when PaOp was reduced to  less than 35 mmHg. When th is  
was sustained fo r  short periods only,myocardial oxygen 
consumption was unaffected. Hypoxia caused an increase
in  blood pressure and e ith e r an increase or decrease in  
heart ra te . The responses to hypoxia were unaffected by 
p a rtia l parasympathetic blockade or adrenergic blockade.
6. Haemorrhagic hypotension is  associated w ith  considerable 
reductions in  myocardial blood flow . Severe haemorrhage is  
accompanied by a marked f a l l  in  myocardial vascular resistance 
and also by re sp ira to ry  and metabolic ac idos is . Myocardial 
oxygen consumption was reduced and oxygen ex trac tion  
increased, the la t te r  espec ia lly  so during moderate 
hypotension.
These re su lts  present a ce rta in  challenge to two f a i r ly  w ide ly held 
concepts in  myocardial physiology. F ir s t ly ,  i t  is  o ften said th a t 
oxygen ex trac tion  by the myocardium remains f a i r ly  constant under 
varying conditions and th a t oxygen uptake can there fore  only increase 
su b s ta n tia lly  as a re s u lt o f an increase in  blood flow . Several 
o f the resu lts  quoted here do not bear th is  ou t, fo r  example, during 
hypocapnia mean oxygen ex trac tion  increased by 21% over control 
(Chapter 3 ), during hypoxia there was a mean ex trac tion  increase o f
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28% (Chapter 7) and during moderate and severe haemorrhagic 
hypotension there were mean ex trac tion  increases o f 48% and 25% 
respective ly  (Chapter 8 ). Secondly, myocardial blood flow changes 
are regarded as being c lose ly  re la ted  to changes in  myocardial 
oxygen consumption (Braunwald, Sarnoff, Case, Stainsby and Welsh,
1958; Feinberg, Katz and Boyd, 1962). During hypercapnia however, 
blood flow and oxygen consumption in  the myocardium were divergent 
(Chapter 6) and during hypocapnia, blood flow f e l l  w h ile  oxygen 
consumption was unaltered (Chapter 3 ). I t  would appear therefore 
th a t i f  myocardial oxygen consumption is  indeed a determinant o f 
blood flow then i t  is  not an ove rrid ing  one and i ts  e ffec ts  are 
subject to  considerable m od ifica tion  by p reva iling  cond itions.
The foregoing catalogue o f resu lts  described changes 
occurring in  the experimental animal in  labora tory cond itions.
This is  obviously a fa r  cry from the c lin ic a l s itu a tio n  in  which these 
patho-physio logical conditions are l ik e ly  to be encountered, however 
i t  is  important th a t such basic experimental inform ation be obtained. 
When i t  is  borne in  mind th a t methods o f measurement o f organ blood 
flow are, as a ru le , o f a h ig h ly  invasive character, p a r t ic u la r ly  
so w ith  regard to  the myocardium, i t  is  obvious th a t such inform ation 
cannot be obtained from human sources, a t lea s t not w ith  cu rre n tly  
ava ilab le  methods o f measurement o f tissue  blood flow . Dogs were 
selected fo r  the experiments because, in  most respects, the cardio­
vascular systems o f dog and human tend to  react in  a s im ila r manner 
to physio log ica l and pharmacological s t im u li.  I t  would be su rp ris ing  
the re fo re , i f  the re su lts  from the experiments described herein do not 
give a reasonable guide to the types o f response which occur in  the 
human.
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133The reasons fo r  the choice o f the Xenon method o f 
measurement o f blood flow have previously been ou tlined  but 
a tten tio n  is  once again drawn to the re la t iv e  lack o f trauma involved 
in  the preparation o f the animals in  comparison to other methods.
This is  a fa c to r which, i t  is  f e l t ,  increases the v a l id i ty  o f the 
re s u lts .
The choice o f tr ich lo ro e th y le n e  as the basal anaesthetic fo r  
most o f the experiments was made because i t  had been shown, in  
other series o f experiments from the same labo ra to ry , to  provide 
a haemodynamically stab le  preparation which was nevertheless h igh ly 
reactive  to a ll kinds o f s tim u li and th is  was borne out in  the 
experiments described here. Pentobarbitone was used as the basal 
anaesthetic fo r  those experiments where halothane was u t i l is e d  as a 
part o f the experimental protocol (Chapters 4 and 5). This avoided 
the possible com plexities o f simultaneous adm in istra tion  o f two 
inha la tion  agents. I t  is  not possible to estimate the extent to 
which the adm in istra tion  o f basal anaesthesia influenced the resu lts  
o f ind iv idua l experiments.
Perhaps i t  is  p ro jec ting  in to  the realms o f science f ic t io n  
to  hope th a t a t some time in  the fu tu re , a non-invasive method o f 
measurement o f tissue  blood flow w i l l  emerge, however, fo r  the present 
one can suggest ce rta in  extensions o f the foregoing experiments which 
could p ro f ita b ly  be undertaken. In the c lin ic a l s itu a tio n  few o f 
the conditions investigated and described here occur in  is o la t io n , fo r  
example hypercapnia and hypoxia frequen tly  occur in  combination and 
haemorrhagic hypotension is  o ften associated w ith  hypercapnia and/or
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hypoxia. I t  would seem reasonable the re fo re , i f  such combinations 
o f re sp ira to ry  and c irc u la to ry  disturbances were to be investiga ted , 
perhaps in  a manner s im ila r  to  th a t o f halothane hypotension and 
hypocapnia as in  Chapter 5.
Further experiments are a t present being planned in  which 
the eventual aim w i l l  be to measure coronary a rte ry  blood flow in  
the conscious animal by means o f a ch ro n ica lly  implanted e le c tro ­
magnetic flow probe. I t  is  possible tha t ce rta in  inform ation 
w i l l  derive from these experiments which w i l l  throw fu r th e r l ig h t  
on the conditions discussed here.
Although there are obvious d i f f ic u l t ie s  in  tra n s la tin g  
the re su lts  o f animal studies to the human c lin ic a l s itu a tio n , the 
primary ob ject o f these studies was to obtain in form ation which, 
in  the absence o f human stud ies , provide a ce rta in  amount o f guidance, 
to those who encounter in  p a tie n ts , the conditions which were stud ied. 
I t  is  f e l t  therefore th a t te n ta tiv e  suggestions can and should be 
made regarding the c lin ic a l im p lica tion  o f the resu lts  which were 
obtained and such suggestions fo llo w .
I t  has genera lly  been assumed by those working in  anaesthesia 
th a t hypocapnia is ,  as a ru le , a harmless departure from the normal 
physio logica l s ta te . C lin ic a l experience would seem to bear th is  
out as fa r  as the healthy sub ject is  concerned, however several 
workers have pointed out possible risks  from hypocapnia in  patients 
w ith  non-healthy hearts. For example, Flemma and Young (1964) showed 
th a t in  dogs and in  post-thoracotomy pa tien ts , hype rven tila tion  caused
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a f a l l  in serum K*** and tha t certa in  patients on d ig i t a l i s  therapy 
developed cardiac arrhythmias, probably as a re su lt  o f th is  f a l l  
in serum K^. The resu lts  o f the hypocapnia inves tiga tion  reported 
here show that blood flow in the myceardium is reduced during 
hypocapnia although myocardial oxygen consumption is  maintained due 
to an increase in oxygen extracted by the myocardium. In a 
s itu a t io n  where the blood flow to the heart may already be decreased, 
such as in haemorrhagic hypotension (see Chapter 8) or in ischaemic 
heart disease, a fu r th e r  reduction in blood flow due to hypocapnia 
may render the myocardium unable to obtain s u f f ic ie n t  oxygen fo r  
adequate function . Further support fo r  a more cautious approach 
to hypocapnia where there is  p re-ex is t ing  cardiovascular disease is  
provided by Prys-Roberts, Foex, Greene and Waterhouse (1972).
These workers described a pa tien t who, while  hypocapnic during 
anaesthesia developed electrocardiographic evidence o f myocardial 
ischaemia which was abolished when normocapnia was re in s t i tu te d .
Two items o f possible c l in ic a l  importance emerged from the 
studies o f  halothane hypotension (Chapters 4 and 5). F i r s t l y ,  there 
was the in te res t in g  f ind ing  tha t during hypotension there was an 
increase in myocardial vascular resistance ( i . e .  myocardial vaso­
co n s tr ic t io n ) .  Normallyüh^would attempt to avoid hypotension in a 
pa tien t w ith  cardiac disease but th is  f ind ing  would seem to make i t  
important to avoid hypotension in such patients who have been 
anaesthetised w ith  halothane le s t  the reduced perfusion pressure 
together w ith  the coronary vasoconstriction should render the myocardium 
ischaemic. Such circumstances have been observed in patients 
(R. S. N e i l l ,  personal communication). The second point from the
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halothane studies is tha t during the recovery from halothane 
hypotension, the re turn o f the a r te r ia l  blood pressure outstripped 
the other variables measured, especia lly  myocardial blood flow and 
cardiac output. C l in ic a l ly  i t  is  often assumed tha t the 
returning blood pressure indicates a return o f sa t is fa c to ry  cardiac 
function and myocardial t issue perfusion. C learly th is  may not 
be the case.
The addition o f hypocapnia to halothane hypotension caused 
a profound reduction in myocardial oxygen a v a i la b i l i t y  and, once 
again, th is  may be o f c r i t i c a l  importance in  the case o f the pa tien t 
w ith  ischaemic or other cardiac disease.
Hypercapnia is generally regarded as undesirable in the 
anaesthetised pa tien t because o f  the acidosis which accompanies i t  
and because i t  is  thought to give r is e  to increased sympathetic 
a c t iv i t y  and raised catechol amine blood leve ls . This combination 
o f circumstances is  thought to give r ise  to cardiac arrhythmias.
In the study o f  hypercapnia described here, myocardial perfusion 
was increased during hypercapnia w ithout obvious cardiac upset, 
indeed the myocardium appeared to be excessively perfused since 
coronary sinus PO^  increased and oxygen consumption o f the myocardium 
decreased. Although one would not advocate hypercapnia in the 
anaesthetised p a t ien t,  i t  may be tha t as fa r  as the heart is  concerned, 
a b r ie f  period o f  hypercapnia may not be as harmful as i t  is generally 
thought to be.
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As fa r  as hypoxia is  concerned, one must on general 
metabolic grounds, state tha t i t  is  to be avoided, however i t  was o f  
in te re s t  tha t the healthy heart d id not increase i t s  blood flow t i l l  
a r te r ia l  PO^  was, by c l in ic a l  standards, very low ( i . e .  below 
35 mmHg). The capacity fo r  recovery from very serious hypoxia- 
induced cardiac arrhythmias was also s t r ik in g .
The profound depression o f  a l l  the measured cardiovascular 
variables during haemorrhage was in keeping w ith  c l in ic a l  experience 
o f patients w ith  severe blood loss. I t  is obvious tha t such patients 
are haemodynamically very unstable and from the anaesthetic point 
o f view i t  would seem to be important to avoid techniques which 
might fu r th e r  reduce blood pressure and myocardial perfusion, fo r  
example hypotensive doses o f anaesthetic drugs and/or hypocapnia.
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STATEMENT OF COLLABORATION AND LIST OF PUBLISHED WORK CONTAINED 
IN THESIS.
I t  is  obvious tha t experiments o f  the complexity o f  those 
which have been described could not have been carried out by one 
person and I have been fortunate to have been a member o f  a group 
o f  persons who have been involved in th is  work. The other members 
o f  the group have changed over the s ix  years during which the 
work has progressed. Those involved in the e a r l ie s t  experiments 
( i . e .  those on hypercapnia) were Drs. I .  McA. Ledingham, J. R. P a rra tt ,  
T. I .  McBride and myself. Subsequently, Dr. McBride l e f t  the group 
and the three remaining carr ied  out the experiments on hypoxia and 
haemorrhage. Drs. Ledingham and P arra tt then d iv e rs i f ie d  th e i r  
in te res ts  in to  other aspects o f coronary blood flow and cardiac 
investiga tions and I was jo ined by Drs. D. M. Brown and G. Smith.
Drs. Brown, Smith and myself carr ied out the work on hypocapnia 
and, along w ith Dr. Jean McMillan, the work on halothane hypotension. 
Dr. J. Thorburn jo ined the group a f te r  Dr. McMillan's departure and 
took part in the inves tiga tion  concerning the combination o f 
halothane hypotension and hypocapnia. A l l  o f  the above-mentioned 
are aware tha t th is  work is  being compiled in to  thesis form and 
a l l  are in agreement w ith  th is  being done.
The fo llow ing papers concerning work described herein have 
been published or are in the hands o f the publishers;
The e ffec ts  o f  hypocapnia on myocardial blood flow and metabolism.
J. P. VANCE, D. M. BROWN and G. SMITH.
B r i t is h  Journal o f  Anaesthesia (1973) 45, 455-463.
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The e f fe c t  o f halothane on myocardial blood flow and vascular 
resistance in the in ta c t  anaesthetised dog.
G. SMITH, J. P. VANCE, D. M. BROWN and J. C. McMILLAN.
B r i t is h  Journal o f  Anaesthesia ( in  press).
The combined e f fe c t  o f halothane-induced hypotension and hypocapnia 
on canine myocardial blood flow and oxygen consumption.
J. P. VANCE, G. SMITH, J. THORBURN and D. M. BROWN.
B r i t is h  Journal o f Anaesthesia ( in  press).
The e ffec ts  o f  hypoxia on myocardial blood flow and oxygen consumption: 
negative ro le  o f  beta adrenoreceptors.
J. P. VANCE, J . R .  PARRATT and I .  McA. LEDINGHAM.
C lin ica l Science (1971) 41_, 257-273.
Haemodynamic and myocardial e ffec ts  o f hyperbaric oxygen in dogs 
subjected to haemorrhage.
I .  McA. LEDINGHAM, J. R. PARRATT, G. SMITH and J. P. VANCE. 
Cardiovascular Research (1971) £ ,  277-285.
The e f fe c t  o f  hypercapnia on myocardial blood flow and metabolism.
I .  McA. LEDINGHAM, T. I .  McBRIDE, J. R. PARRATT and J. P. VANCE 
Journal o f Physiology (1970) 210, 87-105.
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APPENDIX
This appendix describes b r ie f l y  the p r inc ip les  on which 
the various items o f apparatus used in  the experiments operate 
and also the p r inc ip les  underlying certa in  o f  the methods o f 
measurement which have not been de ta iled  in  the chapter on 'Materia ls 
and Methods' .
Palmer pump v e n t i la to r .
This is a simple but e f f ic ie n t  v e n t i la to r  fo r  animal work 
in  which the power is provided by an e le c t r ic  motor w ith  a b e l t  drive 
system to a piston. The flow pattern is  thus a sine wave. Controls 
are provided to ad just the t id a l  volume and the pump rate is  adjusted 
by a lte r in g  the pulleys on which the b e l t  runs.
Carbon dioxide analyser. (Hartmann and Braun, LIRAS 4).
This apparatus incorporates a low pressure suction pump 
which allowed constant sampling o f gases from the catheter mount 
tubing attached to the endotracheal tube. Carbon dioxide could 
thus be sampled in in sp ira to ry  and exp ira to ry gases. The apparatus 
operates on the basis th a t gases have a sp e c if ic  pattern o f 
absorption o f l i g h t  in the in fra -re d  wave lengths. Two beams o f 
in fra -re d  rad ia tion  are compared w ith  each other, one o f  which 
passes through a measuring cuvette through which is  also passed the 
gas to be analysed. The fa c t  tha t in fra -re d  rad ia t ion  increases 
the temperature o f  an absorbing gas is u t i l is e d  to provide a
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measurement o f the absorbed bands and thereby the concentration o f 
carbon dioxide.
T r i te c  vaporiser. (Cyprane L td . ,  Keighley, Yorks.)
This is  a vaporiser which operates! by having a series o f 
wicks saturated w ith  tr ich lo roe thy lene  exposed to a gas stream which 
vaporises the l iq u id  t r ich lo roe thy le ne . The concentration o f  the 
vapour in  the inhaled mixture is  regulated by adjusting the 
proportion o f  the inhaled gases which pass over the wicks. The 
e f fe c t  o f  temperature on the quantity  o f l iq u id  vaporised is 
minimised by a b i-m e ta l l ic  s t r ip  which adjusts the volume o f gas 
entering the vaporising chamber as the temperature a l te rs .
Fluotec vaporiser Mk. I I .  (Cyprane L td . ,  Keighley, Yorks.)
This vaporiser, designed to d e live r  halothane, operates on 
the same p r in c ip le  as the T r i te c .
Oxygen analyser. (Servomex Controls L td . ,  Crowborough, Sussex.
Model DCL, 101 Mk. I I ) .
An extremely accurate piece o f apparatus (- 0.1% oxygen) 
operating on the p r in c ip le  th a t oxygen molecules w i l l  be deflected in 
a magnetic f ie ld .  This de flec t ion  is u t i l is e d  to move a l ig h t  
source which plays on a ca lib ra ted  scale, the degree o f  de flec tion  
depending on the proportion o f oxygen present.
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Mingograf 81. (Elema-Schonander, Stockholm, Sweden).
This is  an e igh t channel, in k - je t  recorder. The ink je ts  
are driven by galvanometers which have been s p e c i f ic a l ly  designed 
to have a level o f in e r t ia  low enough to record high frequency 
b io lo g ica l s igna ls. The in k - je t  system has several advantages over 
other systems, e.g. i t  provides an in s ta n t ly  v is ib le  record, i t  has 
a high resonance frequency, there is  no f r i c t io n  w ith  the paper and 
adjacent traces may cross each other w ithout damaging the apparatus.
For measuring in travascu la r pressures, capacitance 
transducers also supplied by Elema-Schonander were used. The EMT 35 
was used fo r  a r te r ia l  pressures, i t s  pressure range being -300 to 
+300 mmHg and the EMT 33 was used fo r  r ig h t  a t r ia l  pressures, i t s  
range being -30 to +30 mmHg.
T^^xenon.
The cha rac te r is t ics  o f the isotope are as fo llow s:
Atomic number 54
Mass number 133
Radiation Beta and gamma
Beta 0.110 MEV
Gamma Main component 81 KEV (35.5%)
Physical h a l f  l i f e  5.27 days
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Equipment fo r  counting r a d io a c t iv i t y .
The system supplied by Ecko Electronics was u t i l is e d .
The s c in t i l l a t io n  detector (M5401) incorporates a tha ll ium  
activated sodium iodide c rys ta l which is sens it ive  to gamma 
rad ia t ion . This detector is  narrowly collimated and therefore 
looks at a f a i r l y  sp e c if ic  area. I t  is thus su itab le  fo r  the 
type o f work described in  th is  thes is . The signals from the 
detector were passed to  a pulse height analyser (M5010) and 
ratemeter (M5190) which gated and counted the impulses. The 
output from the ratemeter was fed to a potentiometric pen recorder 
which gave the rad ioactive clearance curve,the in te rp re ta t io n  o f 
which has previously been described in  d e ta i l .
Measurement o f cardiac ou tpu t.
Cardiac output was measured by estimating the rate o f 
d i lu t io n  o f 1 ml o f indocyanine green (cardio-green) dye which was 
ih jected in to  the r ig h t  a t r ia l  catheter. The d i lu ted  dye was 
withdrawn from the femoral a r te r ia l  catheter through a Waters 
cuvette densitometer. The concentration o f dye in the blood 
determines how much l ig h t  from a l i g h t  source in the densitometer 
w i l l  pass through the cuvette. The changing concentration o f  the 
dye can thus be recorded as a curve and the output o f  the heart can 
be determined by measuring the area under the curve. A 
potentiometric recorder (servoscribe) was used to record the 
curve.
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Estimation o f  non-esten 'fied f a t t y  a d d s .
When shaken w ith  copper n i t ra te  so lu tion  in  chloroform, 
the non-es te r if ied  fa t ty  acids form soluble copper s a l ts .  A fte r 
separation o f the phases by cen tr ifuga tion  and removal o f the 
supernatant watery phase, a determination o f the copper in the chloroform 
layer is  carried out. Diethyldythiocarbamate is  used as a colouring
agent fo r  copper, the in te n s i ty  o f the colour being proportional to 
the amount o f non -es te r if ied  fa t t y  acid present. The optica l 
density o f the so lu tion  is  compared w ith  tha t o f a standard 
so lu tion  to give the quantity  o f copper present and thus the 
quantity  o f non-es te rif ied  fa t t y  acids.
Blood glucose was estimated by the method o f  Fo lin  and Wu.
(Journal o f B io log ica l Chemistry, 41_, 367-371 , 1920).
Blood lac ta te  estim ation .
The blood is  f i r s t  deproteinised w ith  Ü.6N perch lo r ic  acid. 
A fte r  ce n tr i fu g a t io n , the supernatant so lu tion  is  mixed w ith  0.5M 
g lyc ine b u ffe r  (o f pH 9 .0 ) ,  0.027M NAD and la c t ic  dehydrogenase.
This mixture is  incubated at 25°C a f te r  which the op tica l density 
is read against a blank so lu t ion  using a wavelength o f 340 nm.
The op tica l density is  m u lt ip l ie d  by a known fa c to r  to  give 
lac ta te  concentration in  mg/lOOml.
Blood pyruvate es tim ation .
The blood is  f i r s t  deproteinised using IN perch lo r ic  acid.
A fte r  ce n tr i fu g a t io n , the supernatant so lu tion  is  mixed w ith  0.7M
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t r i  potassium phosphate, and a f te r  cooling in an ice bath the 
so lu t ion  is  f i l t e r e d .  The f i l t r a t e  is  rewarmed to 25^C and 
2.5mM NADH is added. The op tica l density o f th is  so lu tion  is  then 
read (E^). Lactic acid dehydrogenase is  now added and the op tica l 
density is  read again when the reaction is complete (Eg). Eg is 
then subtracted from E-j and the d iffe rence m u lt ip l ie d  by a known 
fa c to r  to determine the pyruvate concentration in mg/lOOml.
Haemoglobin concentration.
The cyanmethaemoglobin method was used. To 0.2 ml o f 
blood 5 ml o f  a so lu tion  containing ImM potassium dihydrogen 
phosphate, 0.75mM potassium cyanide and 0.6mM potassium hexacyanoferrate 
was added. A fte r  thorough mixing, the op tica l density o f  the 
so lu tion  was read against tha t o f d i s t i l l e d  water using a wavelength 
o f  520-560 nm. This was then m u lt ip l ie d  by a known fa c to r  to give 
haemoglobin concentration in g/lOOml.
